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Abstract 
 
Thermosonic ball bonding is a key technology in electrical interconnections between 
an integrated circuit and an external circuitry in microelectronics. Although this 
bonding process has been extensively utilised in electronics packaging industry, 
certain fundamental aspects behind all the practice are still not fully understood. This 
thesis is intended to address the existing knowledge gap in terms of bonding 
mechanisms and interfacial characteristics that are involved in thermosonic gold and 
copper ball bonding on aluminium pads. The research specifically targets the fine 
pitch interconnect applications where a thin metal wire of approximately 20 µm in 
diameter is commonly used. 
 
In thermosonic ball bonding process, a thin gold or copper ball formed at the end of a 
wire is attached to an aluminum pad through a combination of ultrasonic energy, 
pressure and heat, in order to initiate a complex solid-state reaction. In this research, 
the mechanisms of thermosonic ball bonding were elaborated by carefully examining 
interfacial characteristics as the results of the bonding process by utilising dual-beam 
focused ion beam and high resolution transmission electron microscopy, including the 
breakdown of the native alumina layer on Al pads, and formation of initial 
intermetallic compounds (IMCs). The effect of bonding parameters on these 
interfacial behaviours and bonding strength is also investigated in order to establish an 
inter-relationship between them.  
 
Interfacial evolution in both Au-Al and Cu-Al bonds during isothermal annealing in 
the temperature rage from 175ºC to 250ºC was investigated and compared. The results 
obtained demonstrated that the remnant alumina remains inside IMCs and moves 
towards the ball during annealing. The IMCs are formed preferentially in the 
peripheral and the central areas of the bonds during bonding and, moreover, they grow 
from the initially formed IMC particles. Growth kinetics of Cu-Al IMCs obey a 
parabolic growth law before the Al pad is completely consumed. The activation 
energies calculated for the growth of CuAl2, Cu9Al4 and the combination (CuAl2 + 
Cu9Al4) are 60.66 kJ/mol, 75.61 kJ/mol, and 65.83 kJ/mol, respectively. In Au-Al 
bonds, Au-Al IMC growth is controlled by diffusion only at the start of the annealing 
  II
process. A 3.02.0 −t  growth law can be applied to the Au-Al IMC growth after the Al 
pad is depleted. The sequence of IMC phase transformation in both Au-Al and Cu-Al 
bonds were investigated. Voids in Au-Al bonds grow dramatically during annealing, 
however,  only a few voids nucleate and grow very slowly in Cu-Al bonds. The 
mechanisms of void formation, including volumetric shrinkage, oxidation and metal 
diffusion were proposed and discussed.   
 
Key words: Thermosonic ball bonding, bonding mechanism, interfacial evolution, 
alumina, intermetallic compound, bonding strength. 
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CHAPTER 1 
 
Introduction 
 
 
 
This thesis sets out to address an existing knowledge gap of understanding the 
mechanisms of thermosonic gold and copper ball bonding on Al pads by establishing 
the inter-relationship between the bonding parameters, interfacial nanostructure and 
mechanical properties of the bonds, together with a systematical investigation of the 
interfacial microstructural evolution of the bonds due to thermal annealing. 
 
1.1 Interconnection technologies 
From mobile phones to space shuttles, satellites to personal computers, electronic 
products influence human activities in various aspects. The technologies to make 
these products are primarily based on microelectronics, micro-systems, photonics, 
micro-electro-mechanical systems (MEMS) and radio frequency (RF) / wireless 
devices. These devices have to be appropriately packaged before they can be properly 
functioning. Depending on each application, the use of materials and manufacturing 
process must be justified. For example, for a disposable telephone card, a laminated 
chip-on-board is likely utilised as a low-cost approach; on the other hand, for a long-
term high reliable device used for a mission to Mars, hermetically sealed multi-layer 
ceramic packaging may be the preferable technology. In either case, the device 
packaging requires interconnections between individual components. Up to date, three 
major interconnection technologies are currently used in the microelectronic system 
including wire bonding, tape automated bonding (TAB) and flip chip (FC) bonding 
(Fig. 1.1). 
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Fig. 1.1 Illustration of interconnection technologies: (a) wire bonding (b) TAB and (c) flip chip 
assembly. UBM stands for under bump metallization. 
 
The TAB employed a prefabricated carrier with copper leads to attach to the 
integrated circuit (IC) pads (Fig. 1.1b). This technology emerged from 1980s and was 
touted as the technology of future owing to its high speed and capability of mass 
production. However, TAB is seldom used nowadays, due to its disadvantages 
including: 1) time and cost of fabricating the tape; 2) the need to ‘tailor-fit’ the tape 
pattern after each die; and 3) capital expense of TAB equipments. 
Flip chip assembly, also known as controlled collapse chip connection or its 
acronym, C4, is a method for interconnecting semiconductor devices, such as IC chips 
and MEMS, to external circuitry with solder bumps that have been deposited onto the 
chip pads prior to assembly (Fig. 1.1c). This technology has existed for more than 40 
years, but has not been widely applied due to the lack of infrastructure support and 
standards for some decades. However, this technology has been significantly 
developed  since the past decade thanks to the surface mount technology (SMT) 
capability of fine pitch interconnects, which made it a highly competitive technology 
for high density packaging. In particular, it is promised as a unique solution to 
continuous miniaturisation of microelectronic devices. 
Within the above context, wire bonding, as the dominant interconnection 
technology, exhibits a number of features and advantages, and has been taking a 
significant share of the revenue for decades [1-3]. The infrastructure for wire bonding 
has been worldwide established with most of them having fine pitch capability, which 
is so extensive that no other chip-interconection method can substitute wire bonding 
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in the foreseeable future. Particularly, for many applications where low cost, self-
cleaning capability, high yield rate, flexibility and reliability are highly regarded; wire 
bonding becomes the best approach to the micro-scale interconnects. Statistics in 
2008 showed there were over 8 to 9 billion wires bonded per year on the globe [3]. 
Most of them were used in the ICs, but many are also in interconnect transistors, light-
emitting diodes (LEDs), MEMS. Over 90% interconnections of ICs and other 
semiconductor chips are usually wire bonded [3]. The current industry drives wire 
bonding technology, in particular aims to achieve: 1) further increased yields (<25 
ppm defects); 2) finer pitch size (~20 µm for both wedge and ball bonds); and 3) 
lower cost of the overall manufacture. In the meantime, wire bonding technology 
continues to advance itself with new innovative concepts and technological 
improvements such as [4]: 1) multi-tier wire bonding which provides a practical 
solutions to meet the higher input/output (I/O) requirements. 2) lower profile wire 
bond loop that can be designed to meet thinner and more densely integrated package 
requirements; 3) bonding on both sides of lead frames. 
The international technology roadmap for semiconductors (ITRS) reported the 
relationship between silicon feature sizes and pad pitches for both wire bonding and 
flip chip technologies (in Table 1.1) [5]. There is no doubt that wire bonding has 
enabled a significant reduction in interconnect pitch. This has facilitated IC designers 
to scale die sizes to meet their requirements for further reduction in silicon device 
feature sizes. 
 
Table 1.1 International technology roadmap for semiconductor predicts the trends for wire 
bonding and flip chip technologies [5]. 
Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM* ½ Pitch, nm 80 70 65 57 50 45 40 36 32
MPU/ASIC** Metal 1 ½ Pitch, nm 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Wire bond pitch*** - single in-line, µm 35 35 30 30 25 25 25 25 20
Wire bond pitch -2-row staggered, µm 45 40 35 35 35 35 35 35 35
Wire bond pitch - 3-tier, µm 45 40 35 35 35 35 35 35 35
Wedge bond pitch, µm 30 25 25 25 20 20 20 20 20
TAB 30 30 25 25 25 20 20 20 20
Flip chip area array pitch, µm 150 130 120 110 100 90 90 90 90
Flip chip on tape or film pitch, µm 35 30 30 25 25 20 20 20 20
* DRAM stands for dynamic random access memory. 
** MPU stands for micro-processing unit; ASIC stands for application-specific integrated circuit.  
*** This is for thermosonic gold ball bonding. 
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1.2 Wire bonding technologies 
Wire bonding is the primary method of making electrical interconnections between 
the ICs and external circuitry. It is the most cost-effective and flexible interconnect 
technology, and extensively adopted in semiconductor packages. 
There are two types of geometry of a wire bond: ball bond (in Fig. 1.2a) and 
wedge bond (in Fig. 1.2b). A ball bond can be produced by a ball pressed against a 
bond pad, while a wedge bond is made by pressing the wire itself against a bond pad. 
Correspondingly, wire bonding can be divided into two types of bonding practice: 
ball/wedge bonding (i.e. ball bonding) and wedge/wedge bonding (i.e. wedge 
bonding), as shown in Fig. 1.3. 
 
 
 
Fig. 1.2 Two forms of bonds in geometry: (a) ball bonds and (b) wedge bonds. 
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Fig. 1.3 Illustration of (a) ball/wedge bonding (i.e. ball bonding) and (b) wedge/wedge bonding 
(i.e. wedge bonding). 
 
According to energy inputs during bonding (e.g. ultrasonic energy and heat), 
the bonding process can be defined to three major processes (Table 1.2): 1) 
thermocompression ball bonding, 2) ultrasonic wedge bonding and 3) thermosonic 
ball bonding. However, thermosonic ball bonding has been the dominant process, 
accounting for over 90% of overall wire bonding domain [3]. 
 
Table 1.2 Three wire bonding processes. 
Type of bonding Pressure Preheated temperature
Ultrasonic 
energy Speed 
Thermocompression ball 
bonding  High 300-500ºC No - 
Ultrasonic wedge bonding Low Room temperature Yes 5 wires/sec 
Thermosonic ball bonding Low 125-240ºC Yes 15 wires/sec 
 
Thermocompression ball bonding was first introduced by Anderson et al. [6] 
in Bell Labs in 1957, in which high temperatures and bonding forces were used to 
create the bonds between the Au wires and the Al pads. No ultrasonic energy was 
used during bonding. This is a typical solid-state welding that combines heat and 
force to plastically deform the bonds, sweeping aside oxide layers and contaminants, 
as such resulting in intimate contact between cleaned surfaces. It is sensitive to oxide 
and contaminants, thereby the process always requires a large bonding force and a 
high preheated substrate temperature over 300ºC which can damage some sensitive 
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chips. Nowadays, thermocompression ball bonding is only used in some special 
applications such as bonding of GaAs devices. 
Ultrasonic wedge bonding was introduced to the microelectronic industry in 
the 1960s and since then has become dominant in device production, until 
thermosonic ball bonding emerged. This technology is implemented at room 
temperature by the application of ultrasonic energy under a normal bonding pressure. 
The ultrasonic energy can assist disrupting oxide and contaminates during bonding, 
which significantly promotes the bondability. Today, ultrasonic wedge bonding is 
usually used in power devices and discrete devices. 
Thermosonic ball bonding was first developed by Coucoulas [7], by the 
combination of ultrasonic and thermal energy to optimize the bond quality. It has a 
number of advantages over ultrasonic wedge bonding, including the following: 
1) For wedge bonding, the wire must be oriented in a straight line from the first 
bond to the second, since a small deviation from the loop path will cause a 
micro crack at the heal and associated reliability problems, which will slow 
down the bonding process. In thermosonic ball bonding, however, the wire can 
be fed off in any direction from the first ball bond without damaging the ball 
neck, which facilitates an automation of the process, and greatly accelerates 
bonding speed.  
2) The wire in a wedge bonding is inclined at a small angle in relation to the 
substrate, thereby the wires may contact the edge of the devices leading to a 
potential short circuit, which is especially critical when the second bond is 
lower than the first bond. In ball bonding this can be eliminated since the wire 
is perpendicular to the bond pad surface in the operation. 
 
A comparison of merits and demerits between thermosonic ball bonding, 
ultrasonic wedge bonding and thermocompression ball bonding is briefly given in 
Table 1.3. 
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Table 1.3 Comparison of the three wire bonding technologies [2]. 
Type of bonding Advantages Disadvantages 
Thermosonic ball 
bonding 
(TS) 
• Lower temperature than TC
• Complex looping possible 
• Non-directional ball 
bonding 
• High speed 
• More setup parameters 
required 
 
Ultrasonic wedge 
bonding 
(US) 
• Al bonding at room 
temperature 
• Excellent Al-Al bond 
• Simple parameter setup 
• Lowest wire loop height 
• Auto wedge bonder is more 
complicated than auto ball 
bonder 
• Potential cratering problem 
• X-Y wire pad orientation 
required, slowing down 
bonding speed 
• Al wire unreliable on Ag pad
Thermocompression 
ball bonding 
(TC) 
• Simple parameter setup 
• Negligible cratering 
• Non-directional bonding 
• Excellent Au-Al bond 
• High temperature required 
• High pressure required 
• Sensitive to surface 
contaminants and oxide 
• Not suitable for small pad 
• Lower bond yield 
 
As has been used when wire bonding technology was first developed, gold 
wire is still extensively used for thermosonic ball bonding today, which is attributed 
to its superiority in both physical and mechanical properties, including good electric 
conduction, non-corruption and non-oxidation. Aluminium wires have also been 
utilised, but they are difficult to form a high-quality ball, as such they are mostly used 
in ultrasonic wedge bonding. 
The microelectronic industry has developed faster wire bonders, larger format 
substrate assembly, and more efficient molding processes to address the market 
demand for efficiency and cost saving. In a wire bond package the cost of gold wire is 
a significant fraction of the total package cost. The current industry seeks to reduce 
the cost of wire bonding by replacing gold with copper. While copper wire bonding 
has been carried out using 50-μm-diameter wire and thick bond pads for 20 years, for 
general fine pitch applications (25 μm wire or finer) replacing gold with copper 
utilizing the existing infrastructure would require very significant efforts across the 
supply chain [4]. 
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1.3 Problem statements and research motivation 
Thermosonic ball bonding is broadly utilised for electronic interconnects. In 
this process, a thin metal wire is attached to an aluminum metallization pad using a 
combination of ultrasonic energy, pressure (~150 MPa) and heat (125°C~240°C). It is 
a complex process, and the physics behind has not been fully understood. However, 
many efforts have been made to study and explain the process [8-25], but most of 
them were empirically based and the underlying mechanism has not been ascertained. 
In general, three experimental approaches have been used to investigate the 
mechanisms of the bond formation. The first one concentrates on experimentally in 
situ measurements of interfacial temperature during bonding [8-14]. The second one 
considers an explanation of the characteristics of the observed bond footprints [15, 17-
21]. The third one is based on the cross-sectional characterization of interface in wire 
bonds [22-24]. The main theories that have been proposed are melting [26, 27], 
deformation [28], fretting [29] and micro-slip [18, 30-32]. All those models assume 
that removal of the ubiquitous native alumina overlayer is essential to a successful 
bonding as it acts as a barrier to diffusion, but to date, no firm evidence has been 
provided to elaborate and verify the details of the bonding. 
The influence of main bonding parameters, including ultrasonic power, 
bonding force, bonding duration and substrate temperature, on bonding strength were 
well documented [17, 18, 21, 32-41], however, a full account of the underlying 
mechanistic aspects has not been reported. There are few work on the effects of 
bonding parameters on interfacial structural changes which ultimately governs the 
bonding mechanical properties. The lack of understanding of the interfacial 
characteristics was mostly because of their nano scaled features. This project’s aim is 
to focus on the interfacial characteristics of the bonds utilizing a high resolution 
transmission electron microscopy (HRTEM) technique, thereby, the details of 
interfacial bonding mechanism may be revealed. 
Intermetallic compound (IMC) growth and the associated voids formed along 
the interface during service play a more critical role in determining the overall life 
time of a electronic package with ball bonds. To achieve uniform, void-free IMC 
growth in a wire bond, extensive studies on the effects of thermal annealing on 
interfacial evolution in both Au-Al bonds [27, 42-47] and Cu-Al bonds [23, 48-56] 
have been carried out. However, the intermetallic phase transformation and its 
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kinetics are still not fully understood and, moreover, a full account of the nucleation 
and growth of the voids has not been reported. It should be noted that previous studies 
of the interfacial evolution were performed predominantly by optical microscopy 
(OM) and scanning electron microscopy (SEM) with the energy dispersive X-ray 
spectrometer (EDX) [45, 46, 57-65]. Nevertheless, these techniques are not capable of 
examining nanostructure or providing crystallographic information. Therefore, 
advanced characterization using HRTEM is required to analyze the nano-scale 
features at the interface of a wire bond and to identify its crystallographic structure. 
 
1.4 Research aims and objectives 
This project addresses the knowledge gap regarding bonding mechanisms and 
interfacial evolution in thermosonic gold and copper ball bonding on the aluminium 
pads. With a view of fine-pitch application, metal wires of 20 µm in diameter are used. 
The objectives and tasks are therefore formulated: 
1. To explore the Au-Al and Cu-Al bonding mechanisms by examining the 
interfacial behaviour during bonding, especially breakdown of a native 
alumina layer, IMC nucleation and growth, as well as the effects of bonding 
parameters on the interfacial microstructure and bonding strength. 
2. To investigate the effects of thermal annealing on interfacial evolution, 
including metal migration, intermetallic phase transformations, evolution of 
broken alumina films, initiation and growth of voids. 
3. To compare the bonding mechanisms and interfacial evolution between Au-Al 
and Cu-Al bonds. 
 
1.5 Statement of main contributions to the knowledge 
1. This thesis addressed the gap in understanding thermosonic/ultrasonic bonding 
process. It was found that the quality of the bonds is compromised by a native 
alumina overlayer on the Al pad. Ultrasonic vibration under certain pressure 
and heat partially fragements the oxide barrier, accelerating interdiffusion and 
facilitating IMC formation, therfore significantly increasing bonding strength. 
2. A relationship between bonding parameters, interfacial structure and properties 
of bonds was established. IMC nucleation and growth during bonding 
correlates directly with bonding parameters, and at their suitable levels, 
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alumina fragmentation becomes pervasive resulting in contiguous alloy 
interfaces and robust bonds. 
3. IMC growth kinetics and phase transformation in both Au-Al and Cu-Al bonds 
due to thermal annealing were verified, as illustrated in Fig. 1.5. 
4. The thesis proposed specific mechanisms of nucleation and growth of voids in 
Au-Al and Cu-Al bonds during annealing. 
 
Fig. 1.4 Schematic representation of IMC formation in (a) Au-Al bonds; and (b) Cu-Al bonds. 
 
1.6 Thesis structure 
This thesis contains five sections (Fig. 1.4): (i) literature review; (ii) experimental 
methods; (iii) study of bonding mechanisms by examining interfacial behaviour 
during bonding; (iv) interfacial evolution during thermal annealing; and (v) summary. 
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The section with the literature review (Chapters 2 and 3) introduces wire 
bonding materials and processes, and also provide an overview on bonding 
mechanisms and interfacial evolution. 
The methodology section (Chapter 4) gives a detailed description of the 
standard materials and equipment setup, sample preparation procedures, 
characterization and analysis techniques. 
The following two sections (Chapters 5-8) present the main results of the 
original research among which section (iii) (Chapters 5 and 6) is concerned with 
bonding mechanisms analyzing of the interfacial behaviour of both Cu-Al and Au-Al 
bonds during bonding, especially fracture of the native alumina layer on Al pads and 
formation of IMCs at the interface. The effects of the bonding parameters on the 
interfacial microstructure and bonding strength are also investigated. Section (iv) 
(Chapters 7 and 8) focuses on the effects of thermal annealing on the evolution of the 
interfacial microstructure in both Cu-Al and Au-Al bonds. 
The final section (Chapter 9) summarises the major findings of the thesis and 
outlines potential future work. 
 
 
Fig. 1.5 Thesis structure. 
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CHAPTER 2 
 
Wire Bonding Materials and Processes 
 
 
 
This chapter serves as an introduction to wire bonding materials, its processes and 
main parameters. The discussion is mainly focused on thermosonic gold and copper 
ball bonding on aluminium pads. 
 
2.1 Material issues in wire bonding 
2.1.1 Bond wires 
A bond wire is the link between an IC chip and printed circuit board (PCB) through a 
lead frame as the intermediary. The material selection of bond wire depends on the 
devices and applications. To achieve high performance and reliability, bonding wire 
material should exhibit the superior properties such as high electrical conductivity, 
high current capability, high tensile strength, controlled elongation, high Young’s 
Modulus, superior loop linearity, high thermal fatigue resistance, high creep resistance, 
corrosion resistance, high frequency, long shelf life, and slow uniform intermetallic 
growth to avoid purple plague [2]. In addition, because the bond wire is consumable, 
its material should be sufficient on the earth with an easy process for producing the 
thin bond wire.  
The diameter of bond wire most widely used for IC interconnects is 25 µm, 
but it can be several hundred micrometres for a power device and 10 µm for an ultra 
fine-pitch application. Bonding wires usually consist of one of the following metals: 
gold, aluminium, or copper (Fig. 2.1). Gold wires are extensively used in thermosonic 
ball bonding, while aluminium wires are mainly utilised in ultrasonic wedge bonding. 
Copper wire, as an alternative to gold wire, has become one of the preferred materials 
for thermosonic ball bonding in many semiconductor and microelectronic applications. 
Copper has many advantages over gold in terms of cost and physical and mechanical 
properties (Table 2.1) [59]. Firstly, bonding using copper wires significantly reduces 
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the cost for high-volume production. Secondly, copper wires show excellent electrical 
and thermal properties, which allow them to be used not only for power devices but 
also as thinner diameter wires to accommodate smaller bond pads, especially for the 
next generation of ultra-fine pitch interconnections. Thirdly, copper possesses 
superior mechanical properties, including tensile strength, elongation and rigidity, 
which makes copper suitable for ultra-fine pitch bonding and stacked die bonding in 
which looping capability is a big concern. Last but not least, slower IMC growth 
between copper wires and aluminium pads results in Cu-Al bonds with lower contact 
resistance and better reliability in comparison to Au-Al bonds. 
Gold, 93%
Aluminium, 6%
Copper, 1%
Gold Aluminium Copper
 
Fig. 2.1 Bonding wire market share during 2006. 
Table 2.1 Properties of the three main bond wires [59]. 
Item Unit Copper Gold Aluminium 
Atomic number - 29 79 13 
Atomic weight - 63.546 196.967 26.982 
Atomic radii Å 1.278 1.442 1.431 
Crystal lattice - FCC* FCC FCC 
Lattice coefficient Å 3.6077 4.0704 4.0414 
Melting point ºC 1083 1063 660 
Density g/cm3 8.93 19.32 2.70 
Electrical resistivity μΩcm 1.69 2.3 2.65 
Thermal conductivity W/mK 394 293 241 
Coefficient of thermal 
expansion (CTE) 10
-6/K 16.6 14.2 23.5 
Tensile strength MPa 240 230 100 
Young modulus GPa 136 88 70 
Elongation % 15.0 4.5 50 
*FCC is an abbreviation of face-centred cubic. 
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However, copper wire does pose some challenges in the bonding processing. It 
is harder than both gold and aluminium, so bonding parameters must be kept under 
tight control. The formation of oxides on copper is inherent, so storage and shelf life 
are also the issues that must be considered. A shielding gas is always needed during 
the ball formation process to protect copper wire from oxidation. 
 
2.1.2 Bond pads 
IC bond pads usually use Al metallization (Fig. 2.2). Small amount of Cu (typically 
0.5 wt.%) and/or Si (typically 1 wt.%) are sometimes added to increase the hardness 
of bond pads, but the IMCs are formed primarily between bond wire (e.g. Au and Cu) 
and Al. A native alumina overlayer on the Al pad is critical to bondability, so that this 
oxide layer should be removed during bonding in order to produce a robust bond. 
Low-K materials are becoming more common as insulation layers under Al 
pads [66-69], since the trend of signal speed carried by the bond wires increases. The 
K value of the standard insulation SiO2 is 4.1, while new insulation materials require a 
K value of less than 2.7-3.0 [68]. However, these low-K materials possess much lower 
thermo-mechanical stability than SiO2, so the wire bonding process may cause a 
damage to it. The wire bonding process should be carefully optimized in order to 
prevent damage to the low-K materials. 
 
 
Fig. 2.2 Illustration of structure of a bond pad on a silicon chip with an insulation layer: Al / SiO2 
(or low-K materials) / Si. 
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2.2 Bonding process description 
An introduced in Chapter 1, there are three types of wire bonding processes: 
thermocompression ball bonding, ultrasonic wedge bonding and thermosonic ball 
bonding. The latter two are widely used in the microelectronic system nowadays, and 
their processes are described in this section. 
 
2.2.1 Thermosonic ball bonding 
Thermosonic ball bonding employs both ultrasonic and thermal energy to produce 
bonds. A capillary is utilised to provide a normal bonding pressure to a wire. The 
capillary is clamped into a horn (Fig. 2.3). Ultrasound developed in a piezoelectric 
stack (US transducer) is propagated as a longitudinal wave along the horn and then as 
a transverse wave along the capillary. A resultant oscillating tangential displacement 
occurs at the capillary tip and its frequency and amplitude are dependent on both 
ultrasonic energy and capillary geometry. The thermal energy is usually provided by a 
pre-heated work stage or substrate which holds chips to be bonded. 
 
 
Fig. 2.3 Schematic of bonding equipment setup. 
 
The thermosonic ball bonding procedure is briefly illustrated in Fig. 2.4. It can 
be divided into the following sequential steps [1]: 
(1) A thin wire to be bonded is fed through a hole in the capillary, and an 
electronic flame off (EFO) spark melts the wire, forming a ball at the end of the wire. 
(2) The ball is pressed against a bond pad when the capillary tool is lowered to 
it. The ultrasonic energy is applied and the interfacial temperature rises, so a ball bond 
is formed. 
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(3) The capillary tool is raised, leaving the ball bonded to the band pad, and 
forming the wire loop as it moves towards the second bond position. 
(4) The capillary tool is lowered to the second bond pad, to make a second 
bond. This bond is also called a stitch bond, crescent bond or wedge bond. 
(5) After the second bond is formed, the capillary tool is raised, and a wire 
clamp above the capillary tool pulls and breaks the wire free. The bonder is ready to 
repeat the bonding cycle for the next wire. 
 
 
Fig. 2.4 Illustration of thermosonic ball bonding procedure. 
 
For copper ball bonding, typically a shielding gas - 95%N2+5%H2 - is 
additionally added to prevent copper wire from oxidation during the EFO process. A 
comparison of copper balls formed with and without shielding gas is given in Fig. 2.5. 
Copper wire yields non-spherical balls if it is melted in the air atmosphere due to 
oxidation (Fig. 2.5a). In addition, the hardness of a copper ball increases if the ball 
oxidizes, which may lead to damage to the chip. 
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Fig. 2.5 Comparison of copper balls formed in ambient air (a) and with 95%N2+5%H2 (b). 
 
Ball bumping is a process variation of ball bonding. The main application of 
ball bumping is to form studs for flip chip interconnects. In this technique, only balls 
are bonded to the substrate (Fig. 2.6). The process follows the first 3 steps of the 
thermosonic bonding process but after the ball is bonded onto the substrate the clamps 
close and the wire is broken, leaving a bonded ball on the substrate. The process is 
then repeated. 
 
 
Fig. 2.6 Ball bump on a chip (a) top view and (b) side view. 
 
2.2.2 Ultrasonic wedge bonding 
Ultrasonic wedge bonding is usually used in power devices and automotives. In this 
process, there is no ball formed at the wire tip, while the wire itself is pressed against 
a bond pad. It is similar to the thermosonic ball bonding process except for the 
absence of ball formation and thermal energy. Basically, the wedge bonding process 
can be divided into the following sequential steps (Fig. 2.7) [1]: 
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(1) A wire is threaded through a hole in a bonding tool (called a wedge) and is 
protruded securely under and somewhat beyond the front of the tool tip when a wire 
clamp is closed. 
(2) The wedge is lowered and presses the wire against a bond pad with a 
predetermined static compressive force. A burst of ultrasonic power is applied via the 
transducer for a preset time to make the first bond. 
(3) The wire clamp is opened and the transducer is raised to the preset loop 
height while the wire is paid out from the wire spool. 
(4) The wedge moves to the second bond pad. 
(5) The wedge is lowered to press the wire against the bond pad surface to 
make a second bond. 
(6) After the second bond has been made, the wire clamp closes and pulls back 
on the wire to tear and separate it at the heel of the bond. The wedge is then raised. 
The wire is fed out underneath the wedge until it is located somewhat beyond the 
wedge tip, similar to the first step. 
 
 
Fig. 2.7 Illustration of ultrasonic wedge bonding procedure [1]. 
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2.3 Main parameters and their effects 
This research focuses on ball bonds, i.e. first bonds, in thermosonic ball bonding. The 
main parameters of thermosonic ball bonding are ultrasonic power, bonding force, 
bonding duration and substrate temperature. Extensive studies [17, 18, 21, 32-41] 
have examined the effects of these variables on bonding quality. 
 
2.3.1 Ultrasonic power 
In ball bonding, ultrasonic vibration is fundamental to the process [70]. Typically a 
wire bonder uses a fixed ultrasound frequency between 60 kHz and 140 kHz. 
Vibration nodes may exist in the bonding capillary tool depending on the applied 
frequency and tool geometry. The vibration amplitude of the bonding tool can be 
measured with a laser interferometer [16]. The ultrasonic oscillating tangential 
displacement at the capillary tool tip is fundamental in the ultrasonic bonding process. 
Increasing ultrasonic power increases bond strength. However, too high ultrasonic 
powers result in the badly deformation of the bonded balls. Ultrasound contributes 
important mechanisms to ball bonding, including ‘oscillating tangential displacement’, 
‘ultrasonic softening’, and ‘ultrasonically enhanced interdiffusion’ [70]. 
The oscillating displacement of the tool tip causes sliding friction between 
bond wire and bond pad which is essential for the ultrasonic bonding process. The 
friction aids in the cleaning of the surfaces, allowing subsequent direct metal/metal 
contact and bonding. 
‘Ultrasonic softening’ was firstly reported by Langenecker [40] who found 
that aluminium single crystal elongation when exposed to 20 kHz vibration at a 
constant temperature (18°C) proved equivalent to the morphological changes 
accompanying heating alone. However, the ultrasonic energy density required for 
deformation was ~ 107 times less than by thermal energy, for example, an ultrasonic 
energy of 50 W·cm-2 is equivalent to 600oC. More recently, Lum et al. [33] confirmed 
that in wire bonding when ultrasonic vibration is applied along with mechanical force, 
the metal is softer than when deformed without the vibration. So ultrasonic power 
affects the dimension of bonds, as reported that the higher ultrasonic power is applied, 
the larger diameter and lower height of bonds are resulted from its softness effect [34]. 
Harman [1] reported that ultrasonic treatment activated dislocation formation 
and migration in metal pads and wires, which enhances interdiffusion between the 
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bond wire and bond pad. The effect of ultrasonic power on bonding strength were 
well documented [21, 32, 33]. Qi et al. [21] observed the bottom of the gold bonds by 
releasing them from the aluminium pads using NaOH solution and found that more 
IMCs were formed due to increased ultrasonic powers, resulting in much stronger 
bonds. 
 
2.3.2 Bonding force 
A normal force is always applied to keep a wire in contact with a bond pad in wire 
bonding which a suitable bonding force is required to couple the ultrasonic energy. In 
such case, both the contact area and bonding strength increase with an increase in 
bonding force up to a critical value [21]. However, beyond the critical value, the 
bonding strength gradually decreases as the bonding force continues to increase, while 
the contact area carries on enlarging. This is attributed to a high bonding force which 
has restrained interfacial movements, as it has been reported by Osterwald et al. [41] 
that the vibration amplitude at the tool tip decreases as the bonding force increases at 
a given ultrasonic power. 
 
2.3.3 Bonding duration 
Au or Cu ball bonding is usually completed within 6 to 20 ms. Shorter bonding times 
are preferred for increased productivity in industrial applications. However, when 
bonding on materials such as aluminium and copper with their tenacious oxide layer, 
a relatively long bond time is useful. The longer bond time allows for more ultrasonic 
cleaning and frictional energy to be delivered to the surfaces to wear off the oxide [71, 
72]. Xu et al. [34] reported that the contact area and bonding strength increased with 
increasing bonding duration, and metallurgical bonding initiated at the peripheral 
regions of the ball/pad contact interface and extended inwards with an increase in 
bonding duration. 
 
2.3.4 Substrate temperature 
Substrate temperature is the pre-heated temperature of the work stage, and it usually 
ranges from 150ºC to 240ºC for metal pads and from 125ºC to 150ºC for polymer-
based substrates. The elevated temperature improves atomic diffusion and assists in 
bond formation. Furthermore, Jellison et al. [73] reported that an increased 
temperature may also help to eliminate surface contaminants. Xu et al. [34] found that 
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the bonding strength increased significantly with increasing substrate temperature. 
However, an extremely high temperature may damage the device and introduce an 
oxide layer on many materials such as aluminium and copper [74]. 
 
In summary, the extensive investigations [10, 34, 59, 75, 76] have been 
conducted to understand the effects of bonding parameters on bond properties, such as 
ultrasonic power, bonding force, bonding duration and substrate temperature. It has 
been concluded that each bonding parameter has a significant effect on bonding 
strength. However, there is little work on the changes of the interfacial structure due 
to variation of bonding parameters, as such a full account of the underlying 
mechanistic aspects has not yet been reported. 
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CHAPTER 3 
 
Bonding Mechanisms and Interfacial Evolution 
 
 
 
This chapter provides a review of the methods utilised to study thermosonic/ 
ultrasonic wire bonding mechanism and introduces the main theories that have been 
proposed. The interfacial microstructural evolution during bonding and post-annealing 
is also reviewed, followed by an introduction of the theories of intermetallic formation 
that are involved in wire bonding process and post-annealing. 
 
3.1 Studies of bonding mechanisms 
Although thermosonic/ultrasonic bonding has been extensively used for several 
decades, there is still no generally accepted quantitative model to describe the bonding 
process, due to its complex physics which is not fully understood [1]. However, many 
efforts have been made to study and explain the process, but most of them were 
empirically based. In general, three experimental approaches have been used to 
investigate the mechanisms of the bond formation. The first one concentrates on 
experimentally in situ measurements of interfacial temperature during bonding. The 
second one considers an explanation of characteristics of the observed bond footprints. 
The third one is based on the cross-sectional characterization of the interface in wire 
bonds. 
 
3.1.1 Measurements of interfacial temperature 
The change of interfacial temperature during bonding was regarded as a good 
indicator to define the bonding process [8]. However, challenges are encountered in 
temperature measurement, owing to the short bonding period and the tiny bonding 
region that is also opaque to non-invasive light probes. 
In order to measure in situ the interfacial temperature during bonding, unique 
sensors must be designed. By grinding the copper-constantan (T-type) thermocouple 
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beads into a disk shape and plating the surface with gold, Joshi [9] measured the 
interfacial temperature to be less than 80ºC. Mayer et al. [10] integrated an aluminium 
microsensor around a bond pad and detected the change in resistance of the 
aluminium sensors during bonding, thereby claimed that the temperature rise was less 
than 2ºC. Schneuwly et al. [11] and Schwaller et al. [12, 13] by using a special 
thermocouple, a 40-µm-diameter ball made of Au and Ni wires by electronic sparking, 
measured the maximum temperature which was about 120ºC. The low temperature of 
bonding interfaces measured may be attributed to the large size of the thermocouple 
compared to the region of friction heat generation. To reduce the size of the sensor, 
Jeng-Rong et al. [14] fabricated a thin-film thermocouple (20 μm wide, 1 μm thick) 
through sputtering deposition on a bond pad, therefore measured a maximum 
temperature of 320ºC. Since this is an average temperature over the contact area of 
thermocouple, which does not represent the temperature at any localised spots at the 
interface which is expected to have higher temperature. However, temperature 
measurement for a further smaller area is extremely challenging, and the temperature 
distribution over the bonding interface remains unknown. 
 
3.1.2 Analysis of footprints 
The footprints are the impressions left on the pads or ball bottom, which represent the 
surface morphology changes that occur during the bonding process. Footprint study 
was firstly introduced by Harman et al. [15, 17] for ultrasonic wedge bonding. They 
applied a low ultrasonic power and bonding force, so the wire does not stick on the 
pads, but leaves footprints on the pads, creating what is termed a lift-off pattern. They 
found that the wire-to-pad microjoints initiated near the perimeter and spread towards 
the centre of the contact area with time. With a long bonding duration, the wire could 
not be lifted up without tearing the pad. In such a case, mechanical removal of the 
wire is needed to view the footprints on the pads. Lum et al. [18] employed this 
method to investigate the effect of ultrasonic energy on the bond formation in 
ultrasonic Al wedge bonding on Cu pads, and reported that microjoints initiated at the 
periphery of the contact area and developed inwards with an increase in ultrasonic 
power, similar to the effect of bonding duration as reported by Harman et al. [15, 17]. 
Carrass and Jaeckin [19], and Zhou et al. [20] studied the footprints of 
thermosonic gold ball bonding on Al pads. Similar to ultrasonic wedge bonding, the 
ball-to-pad microjoints tend to be initially formed around the perimeter, but it appears 
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to follow a more random pattern. Qi et al. [21] observed the footprints on the bottom 
of the gold balls by etching the Al pads away and found that more IMCs were formed 
in the contact area with increasing ultrasonic power and/or bonding force. 
 
3.1.3 Cross-sectional studies 
Although the study of footprints provides an opportunity to observe the changes of 
interfacial morphology that occur in the bonding process, mechanical removing or 
chemical etching is usually carried out before observation. As an alternative, cross-
sectional study of interfaces offers a chance to examine the interfacial microstructure 
that can be associated with the bonding nature. A TEM study by Karpel et al. [27] 
discovered that a layer of approximately 500-nm-thick IMCs was formed during 
thermosonic gold ball bonding on an aluminium pad. However, they did not report the 
evolution of the native alumina during bonding due to the use of low-magnification 
TEM in their study. The characterization of nano-level interfacial structure and its 
evolution with HRTEM is essential to understand the bonding mechanism. 
 
3.2 Existing bonding mechanisms 
Extensive studies have been made to gain an understanding of the complex 
thermosonic/ultrasonic bonding process [9, 10, 14, 17, 18, 20-24, 26, 29-32, 77]. 
Among them, there are four main theories proposed to account for the bonding 
mechanisms, including melting, deformation, fretting and microslip. These theories 
are reviewed as follows. 
 
3.2.1 Melting 
Melting was one of the early proposed bonding mechanisms. It was postulated that 
ultrasonic vibration caused rubbing between a wire and a pad, resulting in significant 
increase of the interfacial temperature, so melting took place at local areas at the 
interface, leading to formation of a bond [26]. This theory was supported by Karpel et 
al. [27], as they observed a ‘void line’ formed in the intermetallic regions and thought 
that the ‘void line’ was a result of shrinkage due to the solidification rather than the 
Kirkendall effect, suggesting a liquid phase produced during the bonding stage. 
However, there are experimental evidences that do not support the temperature rise 
can reach the melting point of the materials. For example, the highest measured 
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interfacial temperature during bonding is 320ºC [14], which is far below the melting 
point of bonding materials (Al 660ºC, Au 1063ºC and Cu 1083ºC). In addition, 
bonding was successfully performed in liquid nitrogen at 77 K without any bubbles 
being observed, implying that temperature rise is not necessary for bonding [9, 15]. 
Furthermore, a TEM examination of the bond interface indicated no evidence of 
melting [25]. 
 
3.2.2 Deformation 
Another mechanism of wire bonding is based on deformation of the bonding materials, 
which proposed that the surface extension of a wire and a pad due to the deformation 
results in displacement of contaminants and oxide, bringing fresh metal surfaces in 
contact. This appears to be valid for thermocompression bonding. Takahashi et al. [28] 
carried out a numerical analysis of wire deformation processes in thermocompression 
wire bonding, and found that the interfacial contact area was governed mainly by the 
wire deformation. A wire deformation greater than 50% was required for ensuring the 
formation of strong bonds. 
Harman and Leedy [15] compared the deformation in thermocompression and 
thermosonic bonding, and proposed that the application of ultrasonic energy caused 
an easier plastic flow. However, ultrasonic energy does not increase the amount of 
deformation only. Zhou et al. [20] revealed that bonds made with the same amount of 
deformation with and without ultrasonic energy showed different bonding strength. 
Further studies by Mayer [78] found that relative motion at the ball/pad interface was 
essential. Thus, deformation theory alone cannot be used to fully explain the 
thermosonic/ultrasonic bonding process. 
 
3.2.3 Fretting 
The fretting theory was proposed by Hulst [29]. This mechanism indicates that 
interfacial sliding between a wire and a pad to clean and heat the surface of the wire 
and pads is key to bonding. This model predicted preferential bonding at the centre of 
the interface, however, it was observed that bonding initiated near the periphery and 
no bonding occurred in a central zone, as shown in Fig. 3.1 for a wedge bond pattern 
[17] and Fig. 3.2 for a ball bond pattern [79]. 
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Fig. 3.1 Wedge bond pattern made by lifting up the wire. (Harman GG, Albers J. The ultrasonic 
welding mechanism as applied to aluminum-and gold-wire bonding in microelectronics. IEEE 
Transactions on Parts, Hybrids, and Packaging, © 1969 IEEE). 
 
 
Fig. 3.2 Ball bond pattern made by lifting up the ball [79]. 
 
3.2.4 Microslip 
Chen [30] introduced Mindlin’s microslip theory [31] to explain the interfacial 
characteristics of wire bonds. In the proposed model, the central contact region was 
termed an elastic or non-slip region, while the outer contact area was represented as 
an exhibiting slip, termed microslip. This fits the commonly observed pattern of the 
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bonds where bonding was formed predominately at the edge of the contact area rather 
than at the centre (Figs. 3.1 and 3.2). 
In ball bonding, a dynamic force is supplied by the ultrasonic transducer 
causing the capillary tip to move in a reciprocating motion. The resulted ball/pad 
interaction may be simplified as a contact pair under both normal and tangential 
forces, which has been extensively studied [31, 80-82]. The Hertz solution to a 
contact of two elastic solids pressed together by a force normal to their common 
tangent plane is [83]: 
2/122
3 )(2
)( xa
a
P
xp nn −= π ,        (3.1) 
where )(xpn  is the distribution of a normal force nP  over the contact area, x  the 
radial coordinate from the centre of the contact area and a  the radius of this area. 
Mindlin [31] studied the compliance of two perfectly elastic spheres subjected 
to both a normal force nP  and a tangential force tP . The tangential traction )(xpt  was 
introduced over the contact area: 
2/122 )(
2
)( −−= xa
a
P
xp tt π .        (3.2) 
It should be noted that the magnitude of the tangential traction rises from one 
half of the average at the centre of the contact surface to infinity at the edge. Due to 
this singularity, there will be a slip in the system, so as to relieve the stress. 
Assuming Amonton’s law of friction with a constant coefficient μ , the 
distribution of limiting friction force over the contact area will be )(xpnμ . For the 
contact area, ),()( xpxp nt μ>  )( axa ≤≤′ , there will be a slip, while for the contact 
area, )()( xpxp nt μ≤ , )0( ax ′≤≤ , there will be no relative movement (a stationary 
region), as seen in Fig. 3.3a (here 'a  is the inner radius, and a  is the outer radius 
(radius of the contact area)). If ),()( xpxp nt μ≥  )0( ax ≤≤ , the whole contact area 
will undergo a slip, which is termed gross sliding, as seen in Fig. 3.3b. 
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Fig. 3.3 (a) Microslip regions in a circular contact undergoing microslipping and stationary 
regions in the central contact area; (b) gross sliding with respective distributions of forces. 
 
Mindlin [31] also provided a formula to calculate the size of the microslip 
region at the periphery (Fig. 3.3a): 
3/1)1('
ns
t
P
P
aa μ−= ,         (3.3) 
Therefore, the microslip region covers an annulus, while no slip occurs inside 
the circle of radius 'a  (the stationary region). The microslip annulus grows inwards 
with an increasing tangential force or a decreasing normal force up to the point of 
gross sliding, at which point ( )0()0( === xpxp nt μ ) the microslip annulus has 
reached the centre of the contact circle, as shown in Fig. 3.3b. 
Mindlin’s theory was supported by Johnson’s study [84] on the effect of 
oscillating tangential forces on the surface of materials. Johnson reported that, at a 
low tangential force, a fretted annulus due to microslip was observed on the surface of 
plate and, as the magnitude of the tangential force increased, the inner radius of the 
annulus grew inwards up to the point of sliding. Most recently, Lum et al. [18, 32] 
observed changes of footprints on bond pads due to a variation of ultrasonic energy 
and bonding force in both thermosonic ball bonding and ultrasonic wedge bonding. 
They reported that microslipping existed at the bonding interface at low powers, 
transitioning into gross sliding at higher powers; with increased normal bonding 
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forces, the transition point into gross sliding occurred at higher ultrasonic bonding 
powers. 
 
All the above bonding mechanisms assume that removal of the ubiquitous 
native alumina overlayer is essential for successful bonding as it acts as a barrier to 
diffusion, but to date, this has not been verified experimentally. The monitoring of the 
evolution of alumina encapsulating the aluminium pad during bonding will lead to 
direct clarification of its role during bonding, but is extremely difficult technically 
since it is only a few nanometers thick. 
 
3.3 Interfacial evolution 
IMC formation and associated voids and/or cavities at the ball/pad interface determine 
the strength and reliability of wire bonds. IMC formation is beneficial to bonding 
strength, but excessive growth of IMCs causes adverse effects on electric, thermal and 
mechanical properties of bonds. In this section, the details of the metallic interfacial 
reaction in both Au-Al and Cu-Al systems are reviewed, followed by an introduction 
of the theories on IMC formation in order to fundamentally understand the sequence 
of IMC formation in both Au-Al and Cu-Al systems. 
 
3.3.1 Interface reactions in gold-aluminium system 
An early Au-Al equilibrium phase diagram indicates that five IMCs - AuAl2, AuAl, 
Au2Al, Au5Al2 and Au4Al - can exist [85]. However, subsequent studies have revealed 
greater complexity, including polymorphism and metastable phases [86-101] (Table 
3.1). Au4Al is at least trimorphic and exists in the cubic β (Im-3m) [88] and β’ (P213) 
[87, 93, 100] forms; a third tetragonal polymorph (I4/mmm) [98] has also been 
reported. The one initially identified as Au5Al2 was subsequently verified by Range 
and Buechler [90] to be Au8Al3, a complex rhombohedral structure R-3c of a large 
unit cell. Definitive crystallographic data for Au5Al2 have not been collected, and its 
existence is speculative, despite frequent reference to this compound [102-104]. 
AuAl2 homogeneity has a range of 32.33 to 33.92 at.% Au in the temperature range of 
300-400ºC and possesses a FCC CaF2 (Fm-3m) type lattice structure. It is the most 
stable phase in the Au-Al system because of its extraordinary high melting point 
(1060ºC). Another IMC with a high melting point is Au2Al which is orthorhombic 
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(Pnma or Pnnm). AuAl also processes two types of lattice structures: cubic (Pm-3m) 
and monoclinic (P21/m). A well-established Al-Au phase diagram constructed by 
Okamoto [105] is shown in Fig. 3.4 and the main properties of Au-Al intermetallic 
compounds are listed in Table 3.1. 
 
 
Fig. 3.4 Al-Au phase diagram.1 
 
                                                 
 
1 With kind permission from Springer Science + Business Media: < Journal of Phase Equilibria, Al-Au 
(Aluminum-Gold), 12(1), 1991, 114-115, Okamoto, H., Figure 1 >. 
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Table 3.1 Main properties of Au-Al IMCs [106, 107]. 
Phase Concentration (at.% Au) 
Crystallographic data 
(unit cell, Å) Colour 
Hardness 
(HV) 
Resistivity
(μΩcm) 
Coefficient of 
thermal expansion 
(ppm/°C) 
Density
(g/cm3)
Structure 
reference  
Al 0-0.6 Cubic (FCC), Fm-3m, a= 4.049 Silver 20-50 2.7 2.35 2.70 [108] 
AuAl2 32.33-33.92 
Cubic (CaF2-type), 
Fm-3m, a=5.9973 Purple 263 7.0-8.0 1.61 7.71 
[86, 89, 97, 
99] 
AuAl 50 Cubic (Pm-3m) or monoclinic (P21/m). 
White 249 11.4 1.19 5.91 [95, 99, 101] 
Au2Al 65-66.8 
Orthorhombic (Pnma or 
Pnnm) Tan 130 12.2 1.61 - [91] 
Au8Al3 72.7 
Rhombohedral R-3c, 
a=7.724, c=42.083 Tan 271 13.4 1.51 - [109] 
Au4Al 80-81.2 
Cubic β (Im-3m), β’ (P213) 
or tetragonal polymorph 
(I4/mmm) 
Tan 334 14.2-17.3 1.76 16.38 [87, 88, 93, 98, 100] 
Au 84-100 Cubic (FCC), Fm-3m, a=4.079 Gold 60-90 2.3 1.42 19.32 [110] 
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IMC formation at the Au-Al interface is essential to form a strong bond. 
However, its over-growth during service has resulted in potential failures [62]. It is 
relatively difficult to directly examine the interfacial reaction in a wire bond due to its 
micro-scale joint size, therefore, as an alternative, the investigators employed bulk 
diffusion couples and thin film couples. 
Philofsky [42] studied IMC formation in bulk diffusion couples by welding a 
gold wire with a aluminium wire (635 µm in diameter) and then annealing the joints 
between 200°C and 460°C in a forming gas (95%N2 and 5%H2) atmosphere. All five 
equilibrium phases were observed after extended annealing. The claimed Au5Al2 and 
AuAl2 nucleated immediately and followed a parabolic rate law. Voids were observed 
in AuAl2 and sometimes condensed to develop a continuous line, with a deleterious 
effect on the strength of joints. The claimed Au5Al2 grew at the fastest rate and was 
the predominant intermetallic phase regardless of annealing time or temperature. 
Voids also appeared in this phase and cracks could initiate and grow along the void 
line. Subsequently, Au2Al nucleated and coalesced to form a layer, which lowered 
down the growth rate of AuAl2, but did not affect Au5Al2’. AuAl and Au4Al nucleated 
after a prolonged annealing. Fig. 3.5 illustrates the growth curves for each alloy at 
400°C. Furthermore, the overall thickness increase of IMCs at a given temperature 
was linear to the square root of the annealing time as shown in Fig. 3.6. The activation 
energy for overall IMC formation was calculated to be 15.9 kcal/mol (66.5 kJ/mol). 
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Fig. 3.5 Layer thickness of five Au-Al IMCs vs. square root of annealing time at 400°C.2 
 
 
Fig. 3.6 Overall IMC thickness vs. square root of annealing time at different temperatures.2 
                                                 
 
2 Reprinted from Solid State Electronics, 13(10), Philofsky, E., Intermetallic formation in gold-
aluminum systems, 1391-1394. Copyright (1970), with permission from Elsevier. 
Chapter 3 Bonding Mechanisms and Interfacial Evolution 
 34
Attempts were also made to track the phase transformation sequence in Au-Al 
thin films (Al and Au films were deposited one by one without breaking the vacuum) 
via thermal treatment. Majni et al. [104] investigated the phase formation and 
sequence in a series of thin films with different stoichiometry quantities by means of 
4He+ MeV backscattering and X-ray diffraction techniques. In their experiments, the 
first phase formed was found to be the claimed Au5Al2, followed by Au2Al. Other 
alloys were formed with the disappearance of one previously formed phase but 
depended on the proportions of the Au and Al thin films. For instance when the 
atomic ratio of the constituents of the film was Au/Al=5/2, all the Al was consumed 
first, leaving a sample consisting of Au, the claimed Au5Al2 and Au2Al. The excess 
Au reacted with Au2Al to leave a uniform layer of the claimed Au5Al2. The detailed 
sequence of Au-Al intermetallic compound formations is shown in Fig. 3.7. 
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Fig. 3.7 Schematic representation of IMC formation in Au-Al thin film systems.3 
 
                                                 
 
3 Reprinted with permission from Journal of Applied Physics, Vol. 52, G. Majni, C. Nobili, G. 
Ottaviani, M. Costato, and E. Galli, Gold-aluminum thin-film interactions and compound formation, 
4047-4054. Copyright (1981), American Institute of physics. 
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More recently, Xu et al. [102, 103] investigated isothermal phase 
transformation in two Au-Al thin film structures, i.e. (i) 0.3 μm Al / 1 μm Au and (ii) 
1 μm Al / 1 μm Au, by X-ray diffraction and TEM, and these results are given in 
Table 3.2. In both film structures the claimed Au5Al2 nucleated first, followed by 
AuAl4. The 1 μm Al / 1 μm Au structure additionally produced Au2Al after extended 
annealing. The growth kinetics of the IMCs obey the parabolic growth law only in the 
early stages of annealing before either Al or Au is fully consumed. It has also been 
revealed that Au was the predominant diffusant by means of the O peak in secondary 
ion mass spectroscopy (SIMS) depth profiling as an interfacial marker. 
 
Table 3.2 Phase evolution in Au-Al thin films during isothermal annealing.4 
 0.3 μm Al + 1 μm Au 
125°C 150°C 175°C 
0 min Au+Al Au+Al Au+Al 
15 min Au+Al Au+Al Au+Al+Au5Al2 
30 min Au+Al Au+Al+Au5Al2 Au+Al+Au5Al2+Au4Al 
1 h Au+Al+Au5Al2 Au+Al+Au5Al2 Au+Au5Al2+Au4Al 
2 h Au+Al+Au5Al2 Au+Al+Au5Al2+Au4Al Au+Au5Al2+Au4Al 
4 h Au+Al+Au5Al2 Au+Au5Al2+Au4Al Au+Au5Al2+Au4Al 
8 h Au+Al+Au5Al2 Au+Au5Al2+Au4Al Au+Au5Al2+Au4Al 
16 h Au+Al+Au5Al2+Au4Al Au+Au5Al2+Au4Al Au+Au5Al2+Au4Al 
24 h Au+Al+Au5Al2+Au4Al Au+Au5Al2+Au4Al Au+Au5Al2+Au4Al 
 
1 μm Al + 1 μm Au 
125°C 150°C 175°C 
0 min Au+Al Au+Al Au+Al 
15 min Au+Al+Au5Al2 Au+Al+Au5Al2 Au+Al+Au5Al2 
30 min Au+Al+Au5Al2 Au+Al+Au5Al2 Au+Al+Au5Al2+Au4Al 
1 h Au+Al+Au5Al2 Au+Al+Au5Al2+Au4Al Al+Au2Al+Au5Al2+Au4Al 
2 h Au+Al+Au5Al2 Au+Al+Au5Al2+Au4Al Al+Au2Al+Au5Al2 
4 h Au+Al+Au5Al2 Al+Au2Al+Au5Al2+Au4Al Al+Au2Al+Au5Al2 
8 h Au+Al+Au5Al2+Au4Al Al+Au2Al+Au5Al2 Al+Au2Al+Au5Al2 
16 h Al+Au2Al+Au5Al2+Au4Al Al+Au2Al+Au5Al2 Al+Au2Al+Au5Al2 
24 h Al+Au2Al+Au5Al2 Al+Au2Al+Au5Al2 Al+Au2Al+Au5Al2 
 
To summarise, the sequence of intermetallic phase formation in thin film 
Au/Al interface is not entirely consistent. Some researchers [102, 103, 111] found that 
the claimed Au5Al2 was formed initially, while elsewhere the claimed Au5Al2 and 
Au2Al were reported to grow simultaneously [112]. During annealing, Majni et al. 
[104] found that Au2Al was the second phase to appear while Xu et al. [102, 103] 
showed that Au4Al was formed after the claimed Au5Al2. Although there is 
                                                 
 
4 Reprinted from Scripta Materialia, 56(6),  Xu, C., Sritharan, T., Mhaisalkar, S.G., Thin film 
aluminum-gold interface interactions, 549-552, Copyright (2007), with permission from Elsevier. 
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uncertainty regarding the order of the IMC formation, the claimed Au5Al2, Au2Al and 
Au4Al are undoubtedly the dominant phases formed in thin solid film system. 
Although Au-Al IMC nucleation and growth in bulk diffusion couples and thin 
film couples have similarities to those in wire bonds, inevitably there are some 
differences due to non-uniform stress distribution along the contact interface and 
geometry. Some work on Au-Al IMC formation in wire bonds have been well 
documented [43, 45, 59, 60, 63, 65]. It is a common consensus that a thin layer of 
IMCs is formed between the gold ball and the aluminium pad during bonding. Karpel 
et al. [27] illustrated that the thickness of the initial IMCs was approximately 500 nm 
thick, as shown in Fig. 3.8. IMCs were identified as Au8Al3 and Au4Al by selected 
area electron diffraction (SAED). They also reported a ‘void line’ formed in the 
intermetallic region. Breach and Wulff [57] discovered that initial IMCs were 
discontinuous, normally covering more than 70% of the contact area for a robust bond, 
as shown in Fig. 3.9. 
 
 
Fig. 3.8 TEM image showing the interface of a Au-Al bond.5 
                                                 
 
5 With kind permission from Springer Science + Business Media: < Journal of Materials Science, TEM 
microstructural analysis of As-Bonded Al–Au wire-bonds, 42, 2007, 2334-2346, Karpel, A., Gur, G., 
Atzmon, Z., Kaplan, W., Figure 3>. 
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Fig. 3.9 SEM image showing the bottom of a gold ball after etching the Al pad away. Light areas 
are regions of IMCs.6 
 
The growth of IMCs in wire bonds continued during thermal annealing, which 
can be reflected by the resistance change of the bonds. The increase in resistance is 
attributed to the fact that IMCs have higher resistivity in comparison to pure gold and 
aluminium. In addition, the resistance change could be even more distinct when voids 
aggregate to develop a gap between intermetallic phases [113, 114]. Typical 
resistance vs. time1/2 curves under different annealing temperatures obtained by 
Maiocco et al. [115] are reproduced in Fig. 3.10. It was found that the resistance 
increase, RΔ , was linearly dependent on the square root of annealing time, 2/1t . This 
relationship can be more precisely described as a function of time and temperature, 
n
a tkTECR )()/exp( ⋅−⋅=Δ , where C  is a constant 10±1 Ω/hn, the activation energy 
aE  = 0.40±0.01 eV/atom, and n  = 0.40±0.02. 
 
 
 
                                                 
 
6 Reprinted from Microelectronics Reliability, 44(6), Breach, C.D., Wulff, F., New observations on 
intermetallic compound formation in gold ball bonds: general growth patterns and identification of two 
forms of Au4Al, 973-981, Copyright (2004), with permission from Elsevier. 
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Fig. 3.10 Resistance change in Au-Al wire bonds during annealing. (Maiocco L, Smyers D, 
Munroe PR, and Baker, I. Correlation between electrical resistance and microstructure in gold 
wirebonds on aluminum films. IEEE Transactions on Components, Hybrids, and Manufacturing 
Technology. © 1990, IEEE). 
 
Breach et al. [57] studied the growth behaviour of IMCs in Au-Al bonds 
during annealing at 175°C for 0-1000 h (Fig. 3.11) by means of OM and SEM with 
EDX. Au-Al IMCs rapidly grew laterally and vertically with aging time ultimately 
consuming the entire Al metallization within 10 h before the growth occurred outside 
the contact zone. Subsequently, alloys continued to grow but with a slow speed. At 
the early stage of annealing, the claimed Au5Al2 was the primary IMC followed by 
Au4Al, while no other IMCs were observed. Au4Al grew by consuming the claimed 
Au5Al2 and became the predominant phase after a prolonged annealing (Fig. 3.12). 
Two Au4Al phases (α-Au4Al and β-Au4Al) were proposed to exist, with the latter 
being formed by phase transformation of the the claimed Au5Al2. Voids were found 
along the interface between the two kinds of the Au4Al (Fig. 3.12). However, it 
should be noted those results were obtained using OM, SEM and EDX which are not 
capable of providing crystallographic information, so intermetallic phase 
transformation in Au-Al bonds has not yet fully verified. 
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Fig. 3.11 OM images showing IMC growth in Au-Al bonds during annealing at 175°C for 0 to 
1000 h in air.7 
 
                                                 
 
7 Reprinted from Microelectronics Reliability, 44(6), Breach, C.D., Wulff, F., New observations on 
intermetallic compound formation in gold ball bonds: general growth patterns and identification of two 
forms of Au4Al. 973-981, Copyright (2004), with permission from Elsevier. 
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Fig. 3.12 SEM images of Au-Al IMCs formed at 175°C after (a) 20 h; (b) 200 h; and (c) 500 h.8 
 
3.3.2 Interface reactions in copper-aluminium system 
The equilibrium phase diagram of the Cu-Al system [116] (Fig. 3.13) shows five 
intermetallic compounds - CuAl2(θ), CuAl(η2), Cu4Al3(ζ2), Cu3Al2(δ) and Cu9Al4(γ1) - 
that possibly exist below 300°C. The properties of the Cu-Al IMCs are listed in Table 
3.3. 
 
 
Fig. 3.13 Cu-Al phase diagram [116]. 
 
                                                 
 
8 Reprinted from Microelectronics Reliability, 44(6), Breach, C.D., Wulff, F., New observations on 
intermetallic compound formation in gold ball bonds: general growth patterns and identification of two 
forms of Au4Al. 973-981, Copyright (2004), with permission from Elsevier. 
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Table 3.3 Main properties of Cu-Al IMCs. 
Phase Concentration (at.% Cu) 
Crystallographic data 
(unit cell, Å) Colour 
Hardness
(HV) 
Resistivity
(μΩcm) 
Coefficient of 
thermal expansion 
(ppm/°C) 
Density
(g/cm3)
Structure 
reference 
Al 0-2.84 Cubic (FCC), Fm-3m, a=4.049 Silver 20-50 2.7 2.35 2.70 [108] 
CuAl2 31.9-33.0 
Tetragonal (I4/mcm), a=6.067, 
c=4.877; or (P4/mmm), 
a=4.28, c=2.405 
White-yellow 324 7.0-8.0 1.61 4.36 [117, 118] 
CuAl 49.8-52.3 Monoclinic (I12/m1) or (C12/m1) Gray 628 11.4 1.19 2.7 [119] 
Cu4Al3 55.2-56.3 Orthorhombic (Imm2) White-yellow 616 12.2 1.61 - [120] 
Cu3Al2 59.3-61.9 
Trigonal/rhombohedral (P3-
m1), a= 4.106, c=5.094 White-gray 558 13.4 1.51 - [121] 
Cu9Al4 62.5-69.0 Cubic (P4-3m), a=8.7068 
White-light 
yellow 549 14.2-17.3 1.76 6.85 [122] 
Cu 80.3-100 Cubic (FCC), Fm-3m, a=3.615 Red 60-100 1.7 1.66 8.93 [110] 
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Nucleation and growth of Cu-Al IMCs were initially studied in bulk couples 
made by friction welding, pressure welding, flash welding or explosion welding [61, 
123-126]. Five equilibrium intermetallic phases, i.e. CuAl2, CuAl, Cu4Al3, Cu3Al2 and 
Cu9Al4, were observed after annealing by SEM [125, 126]. Braunovic and 
Alexandrow [126] studied the kinetic of Cu-Al IMCs in friction-welded Cu-Al 
couples under isothermal annealing from 250°C to 520°C and reported an activation 
energy of 72.0 kJ/mol and a pre-exponential factor of 2.2×10-10 m2/s for the 
temperatures between 250-380°C and 136.8 kJ/mol and 8.0×10-5 m2/s for the 
temperatures between 425-520°C. However, another study by Lee et al. [61] on 
friction-welded Cu-Al couples by SEM and X-ray diffraction (XRD) showed that only 
two IMC layers - CuAl2 and CuAl – were formed in the temperature range of 100-
500°C for up to 36 h. They reported that the growth kinetic of these intermetallics 
during the annealing followed a diffusion process in which the activation energy of 
CuAl2, CuAl and overall IMCs (CuAl2 + CuAl) were 107.5 kJ/mol,, 98.42 kJ/mol, 
and 110.22 kJ/mol, respectively. 
In studies of thin-film, Campisano et al. [127] employed MeV He+ 
backscattering and X-ray diffraction and observed mainly CuAl2 and a little Cu9Al4 at 
temperatures from 160°C to 200°C. IMC growth was limited by diffusion with an 
activation energy of 98.4 kJ/mol and a pre-exponential factor of 7 × 10-7 m2/s. Rajan 
and Wallach [128] evaporated a 53-nm-thick aluminium film on a 24-nm-thick copper 
film and monitored the sequence of interfacial IMC nucleation during annealing at 
500°C by TEM. They found that two IMCs - CuAl2 and Cu9Al4 - nucleated first after 
15 min, and only Cu9Al4 was left after 30 min. None of the other three equilibrium 
phases were found during the annealing at 500°C for up to 90 min. Hamm and 
Vandenberg [129] reported that Cu9Al4 grew simultaneously with CuAl2 from the 
beginning of the interfacial reaction during annealing in the temperature range 157-
220°C using in situ X-ray diffraction. The growth kinetics of both CuAl2 and Cu9Al4 
were found to follow a diffusion limited process. Using Arrhenius plots, they reported 
activation energies of 116.7 kJ/mol and pre-exponential factors of 4×10−5 m2/s for 
CuAl2, and 153.4 kJ/mol and 6×10-2 m2/s for Cu9Al4. Tamou et al. [130] also studied 
the thermal reaction of Cu-Al thin films by Rutherford backscattering and X-ray 
diffraction. Tungsten was embedded in the interface as a marker to study the moving 
species during the reaction. They reported that CuAl2 nucleated after annealing at 
220°C for 30 min and Al was the dominant diffusing species during CuAl2 phase 
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growth. The diffusion of Cu increased as the temperature increased and Cu9Al4 as the 
second phase was formed. The diffusion of Cu became dominant at temperatures 
above 240°C. However, an earlier study by Gershinskii et al. [131] showed the 
formation of CuAl2 and CuAl with the former being nucleated first at the temperatures 
between 150°C and 250°C. The activation energy and the pre-exponential factor were 
estimated to be 104.2 kJ/mol, 1×10-6 m2/s for CuAl2, and 133.2 kJ/mol, 3.6×10-3 m2/s 
for CuAl, respectively. The activation energy and pre-exponential factor for IMC 
growth in the Cu-Al system are summarised and given in Table 3.4. 
 
Table 3.4 Activation energy (Q ) and pre-exponential factor ( 0D ) for IMC growth in the Cu-Al 
system. 
IMCs Temperature, °C Q , kJ/mol 0D , m
2/s Reference 
CuAl2a 100-500 107.8 - [61] 
CuAl2b 150-250 104.2 1×10-6 [131] 
CuAl2 b 157-220 116.7 4×10-5 [129] 
CuAl a 100-500 98.4 - [61] 
CuAl b 150-250 133.2 3.6×10-3 [131] 
Cu9Al4 b 157-220 153.4 6×10-2 [129] 
CuAl2+CuAla 100-500 110.2 - [61] 
CuAl2+Cu9Al4 b 160-200 98.4 7 × 10-7 [127] 
All Cu-Al IMCsa 250-380 72.0 2.2×10-10 [126] 
All Cu-Al IMCsa 425-520 136.8 8.0×10-5 [126] 
a Friction-welded Cu-Al couples b Thin film Cu-Al couples 
 
There have been little work on interfacial reaction during copper ball bonding, 
because the nano-size products are difficult to be detected by conventional techniques 
including OM, SEM and XRD. However, attempts have been made to study the 
interfacial reaction in Cu-Al bonds during annealing, but the results are inconsistent. 
For example, Murali [58] by SEM did not observe Cu-Al IMCs after the samples were 
thermally annealed at 175°C for 5 h. Tomlinson et al. [132] found that interdiffusion 
was negligible by EDX line scanning and no IMCs were observed after annealing at 
200°C for 1000 h. However, a recent study using HRSEM [63, 65] has seen a thin 
layer of Cu-Al IMCs  (less than 1 μm thick) after annealing for 400 h at 175°C. 
Furthermore, Onuki et al. [133] identified CuAl2 and CuAl after isothermal annealing 
by micro-XRD (with a beam diameter less than 100 μm) on fracture surfaces of both 
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the balls and the pads, while Kim et al. [53] employed the same micro-XRD 
technique but revealed the main intermetallic compound Cu9Al4 after annealing at 
150°C-300°C. Xu et al. [55] observed three layers of IMCs after annealing for 100 h 
at 250°C and identified two IMCs (CuAl2 and Cu9Al4) by X-ray diffraction with the 
third one remaining unknown. 
Although the uncertainty of intermetallic nucleation and phase transformation 
in Cu-Al bonds remains, it is generally accepted that the growth of Cu-Al IMCs is 
much slower than that of Au-Al IMCs [60]. For instance, Kim et al. [53] reported that 
the growth rate of Cu-Al IMC was about 1/10 of that of Au-Al in the temperature 
range of 150-300°C. The atomic properties of copper, gold, and aluminium 
determines the difference in the growth rate of IMCs. Compared to gold atoms, 
copper atoms have a greater atomic size misfit in the aluminium lattice and a lower 
electronegativity, hence making the formation of Cu/Al IMCs being more difficult 
[55]. The much lower growth rate of Cu-Al IMCs implies better mechanical property 
and smaller increase in electrical resistance, therefore Cu-Al bonds potentially have 
better reliability than Au-Al bonds during long-term service [48]. 
 
3.3.3 Theories of intermetallic formation in a binary system 
In a binary system, different IMCs can be formed and affect the properties of the 
system. Despite the existence of several stable intermediate phases in the phase 
equilibrium diagram, not all the phases co-exist between the end members of the 
couple. It is ambiguous to deduce the formation sequence based on the diagrams 
where the temperature is not fixed. Prediction of the sequence of intermetallic 
compound formation is difficult, especially for the case of non-equilibrium processes 
such as wire bonding. However, at least three possible theoretical models are 
available, and these are introduced in this section. 
A hypothetical explanation, paraphrased as ‘fast is the first’ or ‘first is fast’ 
theory, was proposed purely in the context of kinetics [134]. This hypothesizes that all 
compounds are formed at the same time but the appearance of each one depends upon 
their growth rates. The first phase to grow usually has the maximum diffusivity and, 
hence, grows fast. Other phases, with lower diffusivities, grow even slower than they 
could do alone, without a fast-growing neighbour. A simple mathematical illustration 
of this model can be given according to Wagner diffusivity. If the concentrations at 
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two boundaries of a phase layer are iRC and iLC  respectively, and the homogeneity 
region within the phase layer iLiRi CCC −=Δ  is very narrow, the Wagner diffusivity 
can be given as: 
dCCD
C
D iR
iL
C
C
i
i ∫Δ= )(1
~
,        (3.4) 
Where C  is the atomic fraction of one element, and )(
~
CD  the interdiffusion 
coefficient [135]. The Wagner diffusivities are proportional to the product of 
combination of self-diffusivities inside each phase and the thermodynamic driving 
force of phase formation. 
In the case of two simultaneously growing phases 1 and 2 with significantly 
different integrated Wagner diffusivities 2211 CDCD Δ>>Δ , their thickness iXΔ  
obeys the following parabolic laws: 
2/1
111 2 tCDX Δ≈Δ ,         (3.5) 
2/1
11
22
2 2
2 t
CD
CDX Δ
Δ≈Δ ,         (3.6) 
so that: 
1
11
22
1
2 <<Δ
Δ≈Δ
Δ
CD
CD
X
X .         (3.7) 
Thus, according to this model, other phases exist and grow, but too slowly, 
and their layers are so thin that it is difficult to detect them. 
 
Another theory used to account for the sequential growth of IMCs involves 
interfacial barriers which are usually believed to cause the initial linear phase growth. 
In the case of single-phase formation, the interfacial barriers simply slow down the 
rate of formation, making it linear instead of parabolic. However, for two phases, the 
barriers can make the growth rate of a certain phase formally negative even for zero 
thickness, which means that this phase will be totally absent. The model proposed by 
Goesele and Tu [136, 137] predicts the suppression/growth criterion and a certain 
critical thickness of the first growing phase under which the growth of other phase is 
kinetically suppressed. 
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A ‘diffusive suppression of critical nuclei’ model was speculated by Gusak et 
al. [138, 139]. In this model, any phases are supposed to start growing only from 
nuclei of a certain critical size crl . This nuclei, which are created as a result of 
inevitable heterophase fluctuations, are from the very beginning situated in a sharply 
inhomogeneous system and, thus, take part in diffusive interactions. Some nuclei can 
shrink to a less than critical size if the neighbouring phases have larger diffusivity and 
comparative thickness, which is termed ‘diffusive suppression by the neighbouring 
fast growing phase’. Such diffusive suppression of second phase critical nuclei takes 
place if the thickness of first phase is less than a critical value, XΔ , which can be 
expressed by the following equation, 
crlCDCDCCX )/)](1/()1[( 221112 Δ−−=Δ ,      (3.8) 
where 1C  and 2C  are the stoichiometric compositions of the first and second phases, 
respectively, and 1D  and 2D  are the effective interdiffusion coefficient of the first and 
second phase, respectively. Thus, before the first phase layer reaches this critical 
thickness, this ‘vampire’ phase suppresses all nucleation attempts of the second phase, 
so that the latter is present only ‘virtually’ and , therefore, it is not being detected. 
 
Although the above three models predict from different perspectives the 
suppression/growth criterion, the variables and constants involved in these models are 
difficult to measure practically, making them not easily applicable in real application. 
Moreover, all the models only consider the effects of kinetics on the formation of new 
phase. None of them has considered the nucleation barrier of the new phase. Desre et 
al. [140] attempted to take into account the thermodynamic constraints on nucleation 
imposed by the sharp concentration gradient C∇  in a diffusion zone. If, prior to 
intermediate phase formation, a narrow layer of metastable solid solution or 
amorphous alloy had been formed at the base of the initial interface, the sharp 
concentration gradient inside this layer would lead to a decrease in the total bulk 
driving force of nucleation, and a corresponding increase in the nucleation barrier: 
52)()( rCGrG classic ∇+Δ=Δ γ ,       (3.9) 
where )(rGΔ  is the change in Gibbs free energy due to formation of a cubic nucleus 
of size 2 r  or spherical nucleus of radius r  and 0>γ . Moreover, if the concentration 
gradient exceeds a certain critical value critC∇ , the nucleation barrier tends towards 
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infinity, meaning ‘thermodynamic’ suppression. This suppression, if it exists, is prior 
to kinetic suppression. 
 
Recently, Hodaj and Gusak [141] conducted a comprehensive thermodynamic 
study on the influence of sharp concentration gradients (or chemical potentials) on the 
nucleation of intermediate phases as a result of reactive diffusion, and derived a 
thermodynamic suppression criteria for sequential phase growth. The factors would 
not appear to have any significant influence on first phase nucleation. However, if at 
least one phase with a narrow homogeneity range is already growing, the sharp 
chemical potential gradient in it strongly influences the nucleation barrier for the next 
phase to appear. For nucleation of phase 2 (concentration 2C ) between a growing 
intermediate phase 1 (concentration 1C ) and a dilute solution β, already growing in 
the A/B couple, the nucleation of phase 2 will be suppressed if the following 
condition is satisfied: 
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where 1XΔ  is the critical thickness of phase 1, crl1  the standard critical size of nucleus 
of phase 1, and 10gΔ  and 20gΔ  the driving forces per mole of atoms for the reactions 
A + B →  1 and 1 + β →  2 respectively. Before phase 1 reaches the critical thickness 
1XΔ , this phase 1 suppresses all nucleation attempts of phase 2. This approach is 
more practical than the previous models since it involves only the free energy changes 
for the reactions which are measurable and available in the literature and 
concentration. 
 
Even more practically, Pretorius et al. proposed an effective heat of formation 
(EHF) model [142, 143], by which thermodynamic data such as heats of formation 
could be directly used to predict the first phase formation and the subsequent phase 
formation sequence. In this model, the heat of formation 0HΔ is believed to be a good 
measure of the change in free energy 0GΔ  because the change in entropy 0SΔ  during 
solid-state interaction is very small and usually can be ignored. The effective heat of 
formation 'HΔ was proposed to take the concentration of the reactants at the growth 
interface into account, by using the equation: 
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where effC  and compC  are the effective concentration and compound concentration of 
the limiting element, respectively. Effective concentration of limiting element effC  is 
defined as the system concentration at the lowest temperature eutectic (or liquidus) of 
the binary system. Whenever the effective concentration of a specific element is less 
than its concentration in the compound to be formed, that element is the limiting 
element. For instance, if the effective concentration is 78 at.% Au 22 at.% Al (lowest 
temperature eutectic), Al is the limiting element if the phase AuAl2 (33.3 at.% Au 
66.7 at.% Al) is to be formed. Thus, the model shows that the phase that first formed 
during the metal-metal interaction is the one with the most negative effective heat of 
formation. This model has successfully accounted for the sequence of IMC formation 
in many binary systems including the Ni-Al, Pd-Al, Zr-Al, Ti-Al and Pt-Si systems. 
As for the Au-Al binary system, this effective concentration is 78 at.% Au 22 at.% Al. 
The calculated effective heats of formation 'HΔ  for Au8Al3, Au2Al, Au4Al, AuAl and 
AuAl2 are -20.0 kJ/mol, -19.8 kJ/mol, -18.5 kJ/mol, -16.3 kJ/mol and -10.2 kJ/mol, 
respectively [142]. The difference in the effective heats of formation between Au8Al3 
and Au2Al is from a thermodynamic point of view negligibly small, thus either could 
appear as the intermetallic phase firstly formed. For the Cu-Al binary system, the 
effective concentration is 17 at.% Cu 83 at.% Al. Therefore, The effective heats of 
formation for CuAl2, CuAl and Cu9Al4 can be calculated as -6.1 kJ/mol, -5.1 kJ/mol 
and -4.1 kJ/mol, respectively. Thus, CuAl2 is a favoured phase to be formed. 
 
3.4 Summary 
Although thermosonic/ultrasonic bonding has been extensively used for over half a 
century, there is still no generally accepted quantitative model of the bonding process. 
However, many attempts have been made to study and explain the bonding 
mechanisms. Among them, there are four main theories proposed, including melting, 
deformation, fretting and microslip. All these descriptions assume that removal of a 
ubiquitous native alumina overlayer is essential for successful bonding as it acts as a 
barrier to diffusion, but to date, this has not been verified experimentally. 
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In terms of the interfacial evolution in the bonds due to thermal annealing, 
most observations were conducted by means of OM and SEM with EDX. However, 
these techniques are not capable of examining nanostructure and providing 
crystallographic information. Therefore, the intermetallic phase transformation in both 
Au-Al and Cu-Al bonds during bonding and annealing has not been fully verified.
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CHAPTER 4 
 
Experimental Methods 
 
 
 
The aim of this chapter is to provide a detailed description of the equipment setup and 
materials, sample preparation procedures, and characterization and analysis 
techniques. 
 
4.1 Bonding equipments and materials 
An ASM Eagle 60 AP automatic ball bonder was employed for both gold and copper 
ball bonding, as shown in Fig. 4.1. For copper ball bonding, a shielding gas system 
was attached to the bonder in order to prevent oxidation of the copper during the ball 
formation process. 
 
Fig. 4.1 ASM Eagle 60 AP ball bonder. 
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A capillary from Smart Precision Tools (SBN-25063-305F-ZP38T) was used 
for the gold ball bonding and a second one (MSU-24063-313F05-ZU36TS) for the 
copper ball bonding (Fig. 4.2 and Table 4.1). 
 
 
Fig. 4.2 A capillary (a) overview (b) geometry. See Table 4.1 for detailed geometric parameters of 
the capillaries. (H: hole size; CD: chamfer diameter; FA: face angle; T: tip diameter; CA: chamfer 
angle; OR: outside radius.) 
 
Table 4.1 Parameters of the capillaries 
Parameter H, μm CD, μm FA, o T, μm CA, o OR, μm
SBN-25063-305F-ZP38T 25 30 11 63 90 12 
MSU-24063-313F05-ZU36TS 24 31 11 63 90 12 
 
A gold wire (MEM) and a copper wire (Tanaka/TCA1) were used for the 
thermosonic bonding. The main properties of both wires are listed in Table 4.2. 
 
Table 4.2 Main properties of the bonding wires 
 Cu wire Au wire 
Diameter, μm 20 (0.8 mil) 20 (0.8 mil) 
Composition, wt%  99.99 99.99 
Break strength, gf 4.3-9.2 7.5-10.5 
Elongation, % 5-15 2-6 
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1-µm-thick aluminium pads (70 μm ×  70 μm) spattered on silicon chips were 
employed in this study (Fig. 4.3). A SiO2 film between the Al pads and Si is an 
insulation layer. 
 
 
Fig. 4.3 Al bond pad: (a) top view 70 μm ×  70 μm; (b) cross-sectional view. 
 
4.2 Sample preparation procedures 
4.2.1 Ball bonding process 
An electrical flame off (EFO) process produced a free air ball (FAB) at the bonding 
wire tip (Table 4.3). Specifically, a shielding gas (95% N2 + 5% H2) was employed to 
prevent the oxidation of copper during ball formation; this was unnecessary for gold 
ball formation. 
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Table 4.3 EFO parameters. 
 Au  Cu 
Current, mA 40 48 
Voltage, V 4500 4500 
Discharge time, µs 230 290 
Gas flow rate, l/min * - 0.6 
*  Shielding gas (95% N2 + 5% H2) is used for copper ball bonding only. 
 
The ball formed during the EFO process was transferred onto a pad to form a 
bond by a combination of normal force, transverse ultrasonic vibration, and heat. A 
standard parameter setting (Table 4.4) was chosen to produce samples that were used 
for interfacial characterization and thermal annealing. A whole bonding duration 
consists of three basic stages: (i) standby stage, (ii) contact stage and (iii) bonding 
stage. A standby stage is the initial stage when a ball is touched on the bond pad, 
followed by a contact stage and a bonding stage. During the contact stage, a high 
bonding force and a low ultrasonic power are usually employed to cause big plastic 
deformation; during the bonding stage, a low bonding force and a high ultrasonic 
power are used to ensure robust bonds. Interdiffusion and IMC formation take place 
during the latter stage, so the bonding strength is mainly determined by the bonding 
stage. Various settings including the standard one were chosen in order to study the 
effects of bonding parameters on interfacial behaviour during bonding, as will be 
introduced in section 5.3 for gold ball bonding and section 6.3 for copper ball bonding, 
respectively. Because ultrasonic power developed in the piezoceramic stack was 
transferred with loss, the actual ultrasonic amplitudes at the capillary tip were  
 
Table 4.4 A standard setting of thermosonic gold and copper ball bonding parameters. 
Bonding parameters Au Cu 
Standby power, DAC* 10 (175.0 nm)** 12 (210.0 nm) 
Contact power, DAC 5 (87.5 nm) 10 (175.0 nm) 
Contact force, mN 100 220 
Contact time, s 0.002 0.003 
Bonding power, DAC 35 (612.5 nm) 36 (630.0 nm) 
Bonding force, mN 80 180 
Bonding time, s 0.006 0.006 
Substrate temperature, °C 175 175 
 * The term “DAC”, standing for “digital to analogue conversion”, is referred to a power 
setting on the ASM wire bonding machine.  
 ** Ultrasonic amplitudes of the capillary tip are listed in brackets. 
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measured by a laser interferometer (Table 4.4); the ultrasonic frequency was 
maintained at 138 kHz. To reduce post-thermal effects on interfacial characteristics, 
the bonded samples were removed immediately from the work stage, but inevitably 
maintained a temperature near 175°C for ~5 s. 
 
4.2.2 Thermal annealing 
Thermal annealing was carried out to simulate the real conditions of the device 
service, so as to investigate the interfacial evolution and its effect on failure of the 
bonds. Both Au-Al and Cu-Al samples were annealed at 175°C, 200°C and 250°C in 
a vacuum furnace (10-3 Pa) with temperature control accuracy of ± 2°C; durations of 
annealing were 1, 5, 9, 25, 49 and 100 hours with an error of ± 2 minutes. 
 
4.3 Characterization and analysis techniques 
Previously, studies of the interfacial behaviour of wire bonds were mostly carried out 
using OM, SEM with EDX; they are unable to provide crystallographic information or 
a nanostructure due to their relatively low resolution. XRD is only capable of 
identification of a phase in a large area due to its limitation of scanning area (≥ 10 μm 
for advanced micro-XRD), so it is also unable to clarify a nano-size structure. 
Therefore, the intermetallic phases and their transformation in both Au-Al and Cu-Al 
bonds can not be identified. TEM is capable of analyzing a nano-scale interface of a 
wire bond and to identify its crystallographic structure. However, in the field of wire 
bonds, only low magnification TEM images were obtained by previous workers. In 
order to investigate nano-scale interfacial structure of wire bonds,  HRTEM is 
employed in this study. The main challenge for TEM analysis of a wire bond is 
associated with specimen preparation since a region-specific analysis is necessary. In 
addition, conventional TEM specimen preparation results in mechanical damage of 
the interface region during polishing. These problems can be overcome by using a 
dual-beam focused ion beam (FIB) system which provides a solution to prepare high 
quality region-specific samples.  
 
4.3.1 FIB 
An FEI Nova 600 NanoLab was utilised to prepare region-specific SEM and TEM 
samples at the Au-Al and Cu-Al interfaces. The FEI Nova 600 NanoLab is a dual-
Chapter 4 Experimental Methods 
  55
beam instrument that integrates ion and electron beams for FIB and SEM 
functionality in one machine. Users can switch between the two beams for quick and 
accurate navigation and processing. Convergence of the SEM and FIB at a short 
working distance allows precision milling, etching, deposition, and analysis at high 
resolution. 
The TEM sample preparation by FIB in this study are shown in Fig. 4.4. 
Firstly, two holes are etched on a bond by an ion beam, leaving an approx. 5-μm-wide 
foil between them (Figs. 4.4a and b). The foil is chopped from the top by the 
bombardment of the ion beam to a height of approx. 4 μm to the ball/pad interface 
(Fig. 4.4c). An approx. 1.2-μm-thick ×  1.2-μm-wide Pt is then deposited on the top 
surface of the remaining foil in order to protect the cross section, followed by cleaning 
of the cross section using a scanning ion beam with a low current (1 nA, 30 kV) (Fig. 
4.4d). The cross section is now ready for in situ SEM observation. As compared with 
traditional preparation methods such as mechanical polishing and ion beam etching, 
the dual beam is suitable for locating a specific region, making it especially suitable 
for multi-interface observation in high-resolution analysis. In addition, an SEM 
provides in situ observation, and a secondary ion beam offers an enhanced 
crystallographic contrast similar to the electron channeling contrast in SEM. 
For TEM sample preparation, the prepared 5-μm-wide foil is further thinned to 
approx. 1 μm and followed by a ‘U’ cut (Fig. 4.4e). An omniprobe in situ tungsten 
lift-out probe is used to catch the region-specific TEM foil. The omniprobe is attached 
to the foil by an ion beam assisted Pt deposition. The TEM foil is then lifted out from 
the bulk using the omniprobe (Fig. 4.4f). Before the specimen is adhered to the TEM 
grid, a semicircular Mo TEM grid is positioned on a sample stud. A Mo grid instead 
of a Cu grid is utilised to avoid X-ray energy overlaps. After lifting out the TEM foil, 
the grid is moved into the field of view. The probe is lowered to a TEM grid until the 
TEM foil touches the grid. Once the specimen is attached to the TEM grid using the 
ion beam Pt deposition, the W probe is milled free by the scanning ion beam (Fig. 
4.4g). The scanning ion beam with low current (0.3 nA, 30kV) is then used to 
attenuate the specimen to electron transparency (~ 100 nm) (Fig. 4.4h). In the end, a 
low-voltage ion beam (70 pA, 5 kV) is employed to clean the surfaces of the TEM foil. 
The site-specific TEM sample of stress-free and contamination-free is now 
completely produced, and readily for HRTEM observation. 
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Fig. 4.4 Procedures of region-specific SEM and TEM sample preparation by FIB: (a) top view of a bond; (b) two holes are etched by an ion beam to produce an 
approx. 5-μm-wide foil; (c) the foil is chopped to a height of approx. 4 μm to the ball/pad interface; (d) Pt deposition and fine cleaning of the cross section for SEM 
observation; (e) ‘U’ cutting after the foil is attenuated to approx. 1 μm wide; (f) the TEM foil is lifted out from the bulk using a W probe; (g) the TEM foil is attached 
to a Mo grid by Pt deposition; (h) the TEM foil is finally attenuated using low currents of ion beam for electron transparency, ~100 nm. 
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4.3.2 SEM and EBSD 
Cross-sectional SEM samples were prepared by FIB, as discussed in the above section, 
and SEM observation was conducted in situ with an FEI Nova 600 NanoLab. An 
image analyzer software, ImageTool (Version 3.0), was utilised to measure the area of 
the entire IMC layer from SEM images and a nominal thickness was obtained by 
dividing the IMC area by the entire width of IMCs. 
Electron Backscatter Diffraction (EBSD) was employed to measure crystal 
orientation and grain size in a free air ball (FAB). The EBSD samples were prepared 
by FIB, and EBSD study was carried out in situ with an FEI Nova 600 NanoLab. 
 
4.3.3 TEM 
Transmission electron microscopy (TEM) is a microscopy technique whereby a beam 
of electrons is transmitted through an ultra thin specimen, interacting with the 
specimen as it passes through. An image is formed from the interaction of the 
electrons transmitted through the specimen; the image is magnified and focused onto 
an imaging device, such as a fluorescent screen, on a layer of photographic film, or to 
be detected by a sensor such as a CCD camera. At smaller magnifications TEM image 
contrast is due to absorption of electrons in the material, due to the thickness and 
composition of the material. At higher magnifications, i.e. HRTEM, complex wave 
interactions modulate the intensity of the image. As opposed to conventional 
microscopy, HRTEM does not use amplitudes, i.e. absorption by the sample, for 
image formation. Instead, contrast arises from the interference in the image plane of 
the electron wave with itself.  
Selected area electron diffraction (SAED) is a crystallographic experimental 
technique that can be performed inside a TEM. SAED is referred to as "selected" 
because the user can easily choose from which part of the specimen to obtain the 
diffraction pattern. However, SAED pattern was always collected from an area with a 
diameter larger then 100 nm. In order to identify crystal structures from much smaller 
area, e.g. a few nanometers in diameter, lattice image is usually obtained, followed by 
FFT analysis to obtain the diffraction pattern. 
TEM analysis in this study was carried out by a JEOL 2100F and/or JEOL 
2010 system at 200 kV. A microprobe beam (0.7 nm diameter) was applied for 
composition analysis with EDX in scanning (S)TEM mode. Selected area electron 
diffraction (SAED) and Fast Fourier transformation (FFT) analysis of lattice images 
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utilizing ImageJ 1.42q [14] were employed to identify crystallographic structure. 
 
4.3.4 AFM 
A Dimension 3100 atomic force microscope (AFM) was employed to analyze the 
surface morphology and roughness of the Al pad in order to understand the factors 
that influence the fracture behaviour of the native alumina during wire bonding. 
 
4.3.5 Shear tests 
Shear tests were performed with the Joint Electron Devices Engineering Council 
(JEDEC) standard JESD22-B116, which applies to shear test of ball bonds formed 
with 18-76 μm diameter wires and wedge bonds formed with wires larger than 76 μm 
in diameter. 
The shear tests were conducted with a DAGE 4000 micro-tester at a tool 
height of 3 µm and a tool movement speed of 4 μm/s (Figs. 4.5 and 4.6). The load that 
causes the fracture of the bonds is termed shear force. The shear strength was obtained 
as pressure, i.e. shear force per unit area. 20 samples were measured for every 
condition. 
 
 
Fig. 4.5 Illustration of the shear test (h = 3 µm). 
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Fig. 4.6 A DAGE 4000 micro-tester. 
 
4.3.6 Measurements of bond geometry 
The geometry of bonds were defined by two parameters - ball diameter D  and ball 
height H . D  = ( AD + BD )/2, where AD  and BD  are the diameters of the mashed ball 
along and perpendicular to the direction of ultrasonic vibration, respectively, as 
illustrated in Fig. 4.7a. The ball height H  is the distance between the bond pad and 
the edge of the mashed ball (Fig. 4.7b). The values of AD , BD  and H  were recorded 
with Olympus STM6 optical microscope. 20 bonds were measured for each condition. 
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Fig. 4.7 Geometry of a bond: (a) ball diameter D = (DA+DB)/2, where DA and DB are the diameters 
of the mashed ball along and perpendicular to the direction of ultrasonic vibration, respectively; (b) 
ball height H.
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CHAPTER 5 
 
Gold Ball Bonding Mechanism 
 
 
 
Thermosonic gold ball bonding is broadly used for electronic interconnects. In this 
process, a gold ball at the end of a wire is attached to an aluminium metallization pad 
using a combination of ultrasonic energy, pressure and heat (125°C~240°C), to 
initiate a complex solid state reaction of fundamental technological importance. The 
mechanisms traditionally used to describe bonding are melting [26], deformation [28], 
fretting [29] and micro-slip [18, 30-32], as reviewed in Chapter 3. All those proposed 
bonding mechanisms assume that removal of a ubiquitous native alumina overlayer is 
essential for successful bonding, as it acts as a barrier to diffusion; but to date, this has 
not been verified experimentally. 
In this chapter, the evolution of the native alumina encapsulating the 
aluminium pad is monitored by high-resolution transmission electron microscopy to 
directly clarify its role during bonding. Also, IMC nucleation and growth behaviour 
during bonding is examined, as well as the effects of ultrasonic energy on the 
interfacial structure and bonding strength. By correlating ultrasonic energy and the 
interfacial structure with bonding strength, a mechanism of thermosonic gold ball 
bonding is proposed. 
 
5.1 Au FAB and Al pad 
The first step of a ball bonding process is the formation of a gold free air ball (FAB), 
as introduced in Chapter 2 (Fig. 2.4). During this process, the gold wire tip was 
melted by an electrical spark, and a round ball was formed due to the surface energy 
of liquid Au. Recrystallization during solidification resulted in the formation of much 
larger grains in the Au FAB in comparison with the grains in the original wire (Fig. 
5.1). The grains in the Au FAB were columnar, due to the heat flux from the bottom 
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of the ball to the wire during solidification. In addition, there was a heat-affected zone 
(HAZ) adjacent to the Au FAB with a significantly increased grain size (Fig. 5.1). 
 
Fig. 5.1 Secondary ion images: (a) original gold wire; (b) gold wire with FAB and HAZ; (c) higher 
magnification of Au FAB and HAZ. 
 
Figure 5.2 shows a typical HRTEM image of the Al pads prior to bonding. 
The uniform amorphous alumina film adhering to crystalline Al pads is approximately 
5 nm thick. Because the oxide overlayer is compact and uniform, further oxidation of 
the pad is passivated but will be detrimental to bonding as it is a barrier to metal 
diffusion. 
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Fig. 5.2 Uniform amorphous native alumina overlayer (approximately 5 nm thick) envelops the Al 
pad. 
 
5.2 Interfacial behaviour in gold ball bonds 
5.2.1 Interfacial characteristics 
In the cross section, the Au-Al interface in the as-bonded state consisted of two 
regions, labeled A (with Au-Al IMCs) and B (no IMCs) (Fig. 5.3a). Region A 
presented an approximately 4-nm-thick uniform layer between the metals (Fig. 5.3b), 
whose main constituents were aluminium and oxygen (Table 5.1). It is consistent with 
the preservation of the amorphous alumina film, that limited interdiffusion and 
retarded the formation of IMCs. Since the alumina/gold boundaries remained distinct 
at the atomic scale, limited interfacial diffusion occurred. This is consistent with the 
mechanism of Chang et al. [144] who derived a model based on the Mott’s electron 
tunneling and ion migration, rather than the diffusion of neutral metal atoms that obey 
the Fick’s law. As will be discussed later, the bonding between alumina and gold 
contributes to bonding strength. It is noteworthy that a number of defects were 
induced during bonding (5.3b), which provides short-channels for metal diffusion, as 
will be discussed in a later section. 
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Fig. 5.3 (a) TEM image of Au-Al interface in as-bonded state (see Table 4.4 in Chapter 4 for 
detailed bonding parameters); (b) Details of region A in (a) showing a uniform layer of amorphous 
alumina that remained after ultrasonic bonding, demonstrating that thermosonic treatment could 
not completely disrupt the oxide overlayer. 
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In region B, chemical reactions dilated the interface to a tri-layer that was 150-
300 nm thick (Fig. 5.4a, Table 5.1). Near the pad was an aluminium-rich alloy IMC-1, 
while there was a gold-rich alloy IMC-2 abutting the Au ball with a distinct 
microstructure and morphology. In addition, there was a mid-region of relatively light 
contrast, confirmed as amorphous alumina (Fig. 5.4b). These alumina remnants inside 
IMCs were fragmented and distinct from the uniform amorphous layer in the regions 
without IMCs (Fig. 5.3b), consistent with film disintegration during bonding that 
accompanied and facilitated the formation of IMC-1 and IMC-2. Karpel et al. [27] 
reported a similar low-contrast region using TEM, but without the benefit of chemical 
analysis they characterized this feature as a void line. In the materials studied here, 
Au-Al bond contained few voids, and these only existed in the centre of large remnant 
alumina (≥20 nm) (Fig. 5.5), but generally such debris were 5~10 nm in diameter and 
pore-free. 
 
Table 5.1 STEM-EDX results for regions 1-3 in Fig. 5.3b and 4-10 in Fig. 5.4a. The precision of 
EDX measurement of O is approximately ±10%, and Al, Au approximately ±2%. 
Regions O K at.% Al K at.% Au L at.% 
1 5 94 1 
2 53 45 2 
3 2 9 89 
4 6 90 4 
5 10 59 31 
6 45 39 16 
7 38 46 16 
8 17 22 61 
9 11 24 65 
10 5 8 87 
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Fig. 5.4 (a) Details of region B-1 in Fig. 5.3a presenting IMCs formed in a Au-Al bond; (b) Higher 
magnification of region B-A in (a) showing alumina remnant encapsulated by IMC-1 (AuAl2) and 
IMC-2 (Au4Al). 
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Fig. 5.5 Voids sometimes form within large remnant alumina particles, due to shrinkage of oxide 
that accompany partial redaction and inclusion of Al in the IMCs, or loss of oxygen. 
 
5.2.2 Identification of IMCs 
In IMC-1 (Fig. 5.4a) two locations with ordered atomic arrays were selected (B-B and 
B-C), and lattice images were collected from them (Figs. 5.6a and b). The FFT 
analysis was consistent with AuAl2 [001] (Fm-3m, a = 5.9988 Å) [145] joined with Al 
(Fm-3m, a = 4.0496 Å) [108] in B-B, while in B-C, AuAl2 [101] was linked to 
alumina; the change of IMC orientation may be related to a preferential growth during 
bonding. As a further confirmation, SAED of IMC-1 was found to be polycrystalline 
AuAl2 (although inevitably co-existing with Al reflections as the patterns were 
collected from a diameter of ~100 nm) (Fig. 5.7a). In IMC-2 the ring patterns could 
be indexed as Au4Al (Fig. 5.7b). These combined crystallochemical analyses 
demonstrated that IMC-1 was an aluminium-rich alloy (AuAl2) and IMC-2 a gold-rich 
alloy (Au4Al). 
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Fig. 5.6 Lattice images and Fourier reconstructed patterns of (a) region B-B in Fig. 5.4a with 
AuAl2 [001]; (b) region B-C in Fig. 5.4a with AuAl2 [101]. 
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Fig. 5.7 SAED patterns of (a) IMC-1 - AuAl2 and (b) IMC-2 - Au4Al. In pattern (a) strong 
systematic diffraction rows arise from the aluminium pad.  
 
5.3 Effect of ultrasonic power 
The Au/Al interfaces formed using three ultrasonic settings (Table 5.2) are presented 
in Fig. 5.8, with the IMCs preferentially locating in the centre and periphery of the 
bonds. The quantity of IMCs at the interfaces increased significantly at higher 
ultrasonic power levels. In particular, Level 3 (43 DAC) resulted in an almost 
continuous layer of IMCs, as compared to Levels 1 (27 DAC) and 2 (35 DAC), where 
slightly enhanced contact areas may be due to softening. There was obvious shear 
strength enhancement with increasing ultrasonic power (Fig. 5.9). 
Table 5.2 Thermosonic bonding parameters*. 
Bonding parameters Level-1 Level-2 Level-3 
Standby power, DAC 7 (122.5 nm) 10 (175.0 nm) 13 (227.5 nm) 
Contact power, DAC 3 (52.5 nm) 5 (87.5 nm) 7 (122.5 nm) 
Contact force, mN 100 100 100 
Contact duration, s 0.002 0.002 0.002 
Bonding power, DAC 27 (472.5 nm) 35 (612.5 nm) 43 (752.5nm) 
Bonding force, mN 80 80 80 
Bonding duration, s 0.006 0.006 0.006 
Substrate temperature, °C 175 175 175 
*Ultrasonic frequency keeps at 138 KHz and the amplitudes of the capillary tip are listed in brackets. 
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Fig. 5. 8 Dependence of IMC formation on ultrasonic power: (a, a’) Level 1 < (b, b’) Level 2 < (c, 
c’) Level 3 (see Table 5.2 for detailed parameters). The IMC interlayer becomes continuous with 
increasing ultrasonic disruption of the alumina barrier layer. 
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Fig. 5.9 Higher ultrasonic power promotes IMCs of greater structured integrity that increase shear 
force and shear strength. The error bars are the standard deviation for 20 measured samples. 
 
5.4 Discussion 
5.4.1 Effect of alumina film on Au ball bonding 
Au-Al bonds consist of two types of interfacial connection: (i) a continuous and 
compact alumina film - a native oxide initially present on Al pads - in contact directly 
with Au (region A, Fig. 5.3a), and (ii) regions containing IMCs (150~300 nm thick) 
with residual alumina at their core (region B, Fig. 5.3a). The alumina film in the 
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former case remains intact, indicating that thermosonic bonding did not perturb those 
regions significantly, without fracturing and relocating the overlayer. The 
alumina/gold interfaces are likely to be detrimental with regard to the bonding 
strength, as IMCs are absent because Au and Al cannot penetrate the alumina barrier 
(Fig. 5.3b). However, intense ultrasonic treatment displaces and fragments the 
alumina film, opening diffusion paths for the metals to migrate and react. In this 
manner, ultrasonic treatment initiates localized IMC formation and significantly 
enhances overall bonding strength. 
The application of ultrasonics improves interfacial bonding and adhesion, by 
initiating alumina disintegration, thereby increasing Al and Au mobility and the 
growth rate of IMCs. The ease of IMC interfacial crystallization increases in tandem 
with ultrasonic power (Fig. 5.8), as does bonding strength (Fig. 5.9). Areas of direct 
contact of alumina with Au contribute to bonding but their effect is less significant 
than the role played by IMCs. 
 
5.4.2 Kinetics of Au-Al bond formation  
Thermodynamics and kinetics of Au-Al bond formation are difficult to evaluate in 
situ and are poorly understood. If the IMC growth is diffusion-limited, it follows a 
parabolic law [42, 102, 103] whereby 
2/1)(Dtx =           (5.1) 
and 
)/exp(0 RTQDD −= ,        (5.2) 
where x  is the IMC thickness at time t , D  the growth rate constant, 0D  a pre-
exponential factor, Q  the activation energy, R  the molar gas constant and T  the 
absolute temperature. 
According to Philofsky [42], Q  = 66.5 KJ/mol and 0D  = 5.2×10-8 m2/s for 
the growth of Au-Al IMCs in butt-welded (635 μm gold wire to 635 μm aluminium 
wire) diffusion couples during annealing at 200°C~460°C. By introducing these 
parameters to the present work, where T  = 175°C and t  = 5 s (refer to section 4.2.1), 
the IMC thickness x  can be estimated as 60~70 nm. However, the observed layer was 
much thicker (150~300 nm), suggesting that the main IMC body was formed prior to 
annealing. If the bonding process is diffusion-controlled and occurs in 0.008 s (Table 
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5.2), this implies D  to be ~ 12100.5 −×  m2/s. Although there is no diffusivity data for 
gold in liquid aluminium, the diffusion rates of Cu, Ni, Fe, Co and Ga in this medium 
at 661°C are 9101.5 −×  m2/s, 9103.3 −×  m2/s, 9105.2 −×  m2/s, 9104.2 −×  m2/s and 
9105.6 −×  m2/s, respectively [146]. Moreover, it is known that Au (atomic radius = 
0.1442 nm) diffusion in Al (0.1432 nm) is much quicker than Cu (0.1278 nm) due to 
the similarity in atomic size [58]. From this it may be inferred that the diffusion rate 
of Au in liquid Al (at 661°C) will be larger than 9101.5 −×  m2/s, but during wire 
bonding, which is a solid-state process, it is likely to be smaller by three (or four) 
orders of magnitude ( 12100.5 −×  m2/s). 
If the values of Q  and 0D  from Philofsky [42] are valid for bonding, the 
effective (or equivalent) temperature obtained from equation (5.2) is 619°C, and 
includes a thermal contribution arising from mechanical vibration plus a decrease in 
Q  due to ultrasonic action. An in situ measurement of interfacial temperature using 
K-type thin film thermocouples yielded 320°C [14], the highest found for wire 
bonding. This is in contrast to the present estimate for small local regions after IMCs 
reached a significant thickness, while the thermocouple result averages over a large 
area (20 μm wide, 1 μm thick). In any case, the actual interface temperature must not 
exceed the melting point of aluminium (660°C) and the lowest eutectic (525°C at Au 
78 at.%). Consequently, the high effective temperature derived from equations (5.1) 
and (5.2) must be accounted for by a reduction in Q . 
Ultrasonics may lower Q  if the sliding or  micro-slip between the Au ball and 
the bond pad creates more vacancies due to the increase in the average thermal 
displacements and diffusivity of atoms. This can also produce large numbers of grain 
boundaries and dislocations in the IMCs, gold ball and aluminium pad, which provide 
pathways for rapid metal migration, as grain-boundary diffusion invariably has a 
smaller activation energy than bulk diffusion. Below the Tamman temperature (about 
one half to two thirds of the melting point in Kelvin), atomic diffusion is not 
principally a bulk process, but is controlled by grain boundaries and other defects 
[147]. For growth of IMCs (AuAl2 and Au4Al), this critical temperature is estimated 
(using the AuAl2 melting point of 1060°C) to be 394°C~615°C, close to or higher than 
the real interfacial temperature, so grain-boundary diffusion may be the rate-limiting 
mechanism. Initially, amorphous alumina oxide is fragmented by ultrasonic vibration, 
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exposing fresh Al surfaces that directly contact Au, and promoting crystallization of 
IMCs; a further growth requires metal migration through the IMCs. Xu et al. [103] 
found that Au is the predominant diffusant in the Au-Al system by tracking 
movements of oxygen in the interface using secondary ion mass spectrometry (SIMS) 
depth profiling, as also confirmed by this study, as will be reported in Chapter 7. 
Therefore, Au diffusion through IMCs ultimately governs their growth, which will be 
accelerated if more boundaries are available. Consequently, the IMC crystals formed 
during ultrasonic bonding are small (a few tens of nanometers), resulting in large 
grain-boundary surfaces for atomic diffusion. In addition, there may be synergistic 
effects that dynamically create boundary vacancies to accelerate diffusion. 
IMC formation may also be mediated by dislocation diffusion. Li et al. [148, 
149] demonstrated that ultrasonic vibration during wire bonding generated 
dislocations in aluminium pads that may promote migration. However, in this study, 
local IMC formation did not always accompany the creation of a dislocation network 
in aluminium, as alloys could be absent in nearby areas (Fig. 5.3b). An alternative 
explanation is that the initial formation of IMCs depends on oxide rupture by 
vibration at certain pressures and temperatures, and the alloy growth is sustained by 
Au and Al migration along grain boundaries and dislocations within the alloys. 
The sequence of IMC crystallization may be related to their respective 
effective heats of formation that reflect the free energy change for the system, as the 
entropy during solid-state interaction will be almost constant [150]. Pretorius et al. 
[142, 143] propose that the first-formed phase will possess the most negative effective 
heat of formation at the composition with the lowest eutectic temperature (or liquidus). 
This is termed the effective composition, and in the Au-Al joint it corresponds to 78 
at.% Au and 22 at.% Al. The calculated effective heats of formation ∆H obtained by 
Pretorius et al. [142] for the claimed Au5Al2, Au2Al, Au4Al, AuAl and AuAl2 are 
listed in Table 5.3. As the difference between the claimed Au5Al2 (-20.0 kJ/mol) and 
Au2Al (-19.8 kJ/mol) is negligibly small thermodynamically, either could be the 
preferential and primary intermetallic compound. In thin-film studies (where Al and 
Au films were deposited one by one without breaking the vacuum), X-ray diffraction 
and Rutherford backscattering spectrometry found that the claimed Au5Al2 was 
formed initially [102-104, 111], while elsewhere the claimed Au5Al2 and Au2Al 
reportedly grew simultaneously [112]. During annealing, Majni et al. [87] found that 
Au2Al was the second phase to appear while Xu et al. [102, 103] showed that Au4Al 
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was formed after the claimed Au5Al2. Although there is uncertainty regarding the 
order of the IMC crystallization, the claimed Au5Al2, Au2Al and Au4Al are 
undoubtedly the dominant phases formed in thin solid film systems. It is reported that 
AuAl2 is not favoured, and is observed only after prolonged annealing of thin Au on 
bulk Al [104]; however, the present study found that Au4Al and AuAl2 simultaneously 
encase the alumina remnants (Fig. 5.4). 
An interfacial reaction during wire bonding is inherently non-equilibrium, 
aggravated through the application of ultrasonic vibration, with chemical gradients 
influenced by oxides, defects and atomic mobility. The co-existence of AuAl2 and 
Au4Al is a consequence of remnant alumina separating IMC interfaces, which limit 
Au diffusion and, to a lesser extent, Al mobility. Thus, the effective concentration of 
Au at the growth interface adjacent to Al is lower than in the ideal thin film system 
[102-104]. By supposing the effective concentration of Au at the Al interface is 33 
at.%, the effective heat of formation for AuAl2, AuAl, Au2Al, the claimed Au5Al2 and 
Au4Al can be re-calculated using the model of Pretorius et al. [142, 143] (Table 5.3). 
Thus, AuAl2 (∆H’ = -30.7 kJ/mol) is favoured between aluminium and alumina 
remnant. Similarly, the higher effective concentration of Au at the growth interface 
adjacent to Au results in Au4Al (∆H’’ = -19.0 kJ/mol) readily forming (Table 5.3). 
Although ∆H is a reasonable indirect measure of Gibbs’ free energy release during 
interfacial reactions, the role of nucleation barriers and kinetics [137, 138, 141-143] 
are of greatest consequence in predicating the phase assemblage in the bond. Pretorius 
et al. [142] stated that the more atoms there are in a unit cell, the more difficult and 
less energetically favourable it is to crystallize. Au8Al3 has 44 atoms per unit cell and 
a longer range order, and will not readily form, especially in the non-equilibrium 
situation of ultrasonic wire bonding, where growth occurs at a moving interface (as 
noted earlier in Section 3.3.1, the claimed Au5Al2 is probably equivalent to Au8Al3). 
Taking nucleation into consideration, it is reasonable to believe that AuAl2 and Au4Al 
are formed first during wire bonding, while earlier reports of Au8Al3 / the claimed 
Au5Al2 remain speculative, as the characterization of the latter were not substantiated 
by diffraction analysis. Furthermore, differentiating Au8Al3 from the claimed Au5Al2 
by microanalysis would be challenging as the crystals produced during bonding are 
smaller than the analytical volume. 
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Table 5.3 Crystallographic data for compounds and polymorphs of the Au-Al system.  The data quality is variable, with single crystal X-ray diffraction being more reliable 
than powder methods. Electron diffraction is least compelling, not supplemented by quantitative chemical microanalysis, and usually collected from metal couplings that are 
quenched and far from equilibrium. The thermodynamic data (ΔH°) [107] is assumed consistent with the highest symmetry and smallest unit cell polymorph stable under 
ambient conditions. The effective heat of formation ∆H were calculated at the composition with the lowest eutectic temperature (78 at.% Au and 22 at.% Al) [142]. ∆H’ were 
calculated at the effective composition of 67 at.% Au and 33 at.% Al near the aluminium pad, while ∆H’’ at 80 at.% Au and 20 at.% Al was assumed adjacent the gold ball. 
Chemistry Crystallochemical Parameters Thermodynamic Parameters 
Composition
* Au:Al
Polymorph/ 
Compound 
Symmetry 
Space Group Atoms per Unit Cell
Unit Cell 
Volume (Å3)
∆H°, 
kJ/mol **
∆H, kJ/mol 
(Pretorius et 
al.) 
∆H’, kJ/mol 
(near Al pad)
∆H’’, kJ/mol 
(near Au wire)
Structure 
Reference 
Au23Al 23 cubic Fm-3m 4 67.28a     [94] 
Au86Al14 6.14 cubic Fm-3m 4 66.85a     [92, 96] 
Au4Al 4 cubic (β’) P213 20 331.76a,h -19 -18.5 -7.8 -19.0 
[87, 93, 
100] 
  cubic (β) Im-3m 2 34.01c,e     [88] 
  tetragonal I4/mmm 2 33.02a,d     [98] 
Au8Al3*** 2.66 rhombohedral R-3c 44 724.77b,e -26 -20.0 -11.9 -18.2 [109] 
Au2Al 2 orthorhombic Pnma 12 190.54a,f -30 -19.8 -14.8 -18.0 [91] 
  orthorhombic Pnnm 30 475.16a,g     [91] 
AuAl 1 cubic Pm-3m 2 30.96c -37 -16.3 -24.4 -14.8 [101] 
  monoclinic P21/m 32 135.26b     [95, 99] 
AuAl2 0.5 cubic Fm-3m 12 215.71a -31 -10.2 -30.7 -9.3 
[86, 89, 97, 
99] 
*  These compositions are idealized, but as wire bonding is a quenching reaction, a range of compounds with the same high symmetry will likely be crystallized. Longer range 
orders and lower symmetries are less likely to form during bonding. 
**  H° values are with respect to the smallest unit cell showing the shortest range order. 
***  Au8Al3 is the correct composition and structure determined by Range & Buechler [109], but first identified by Francombe et al. [151] using electron diffraction as Au5Al2 
(Au:Al = 2.5). While there are frequent literature references to Au5Al2 there is, as yet, no definitive proof of its existence.  Pretorius et al. [142] assumed Au5Al2 for 
determining ∆H.  
 
a powder X-ray diffraction   e synthesized at 2 GPa, 1473 K 
b single crystal X-ray diffraction  f stable below 838 K 
c electron diffraction   g stable below 848 K 
d metastable    h stable from 690 – 810 K 
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5.4.3 Mechanism of gold ball bonding 
The mechanism of thermosonic gold ball bonding is illustrated in Fig. 5.10. Ideally, 
both the aluminium pad and gold ball are perfectly clean and, when joined thermally, 
there is greater diffusion of Au into Al; this yields a gold-rich alloy that is notionally 
the claimed Au5Al2 (R-3c), but more likely a disordered cubic (Fm-3m) solid solution. 
Ultrasonic power creates dislocations and grain boundaries in the pad and wire as well 
as IMCs that accelerate metal migration, leading to thicker IMC layers and stronger 
 
 
Fig. 5.10 Crystal chemistry and strength of interconnects depend on the nature of the pad and wire 
surfaces and whether ultrasonic vibration is applied together with heating. (a) In the ideal situation 
both the aluminium pad and gold ball are perfectly clean.  When joined thermally there is greater 
diffusion of Au into Al than vice versa, and an IMC notionally identified as Au5Al2 is formed. 
With the application of ultrasonic power dislocations in the pad, the wire and IMCs accelerate 
metal mobility leading to thicker IMC layers and a stronger bond. (b) In real systems, the pad 
surface is invariably oxidized and the amorphous alumina acts as a barrier to Au and Al 
interdiffusion leading to inferior interconnects. Ultrasonic vibration fragments the alumina layer 
and provides many grain-boundary pathways through which the metals diffuse and react. AuAl2 
(Fm-3m and 12 atoms per unit cell) and Au4Al (P213 and 20 atoms per unit cell), rather than 
Au5Al2, are formed due to the limiting Au and Al diffusion by alumina. 
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bonds. In real systems the surface of the pad is invariably oxidized, and the 
amorphous alumina is a barrier to Au and Al interdiffusion leading to inferior 
interconnects. AuAl2 (Fm-3m and 12 atoms per unit cell) and Au4Al (P213 and 20 
atoms per unit cell) are formed due to the limiting of Au and Al diffusion by alumina. 
Ultrasonic vibration fragments alumina and provides many grain-boundary pathways 
along which the metals diffuse and react. At the IMC boundaries, it is likely that Au 
and Al are disordered and correspond to Pm-3m simple cubic periodicity with two 
atoms per unit cell. In general, both the initial alumina and the debris are compact but 
in larger remnant alumina regions voids are sometimes observed. 
 
5.5 Summary 
The crystallochemical and physical interfacial characteristics of interconnects 
(alumina, IMCs and defects) during thermosonic bonding of gold balls on aluminium 
pads were correlated with ultrasonic energy, interfacial structure and bonding strength. 
It is shown that: 
(1) A compact amorphous alumina layer approximately 5 nm thick is present on 
aluminium prior to bonding and acts as a barrier to Au and Al interdiffusion. 
(2) Ultrasonic vibration partially disrupts continuity of the alumina film to create 
favourable diffusion pathways that promote the local formation of IMCs. At 
higher ultrasonic energies, alumina fragmentation is greater, metal mobility 
accelerates and IMCs form more readily in the contact area, resulting in a 
stronger bond. The dominant alloys are Au4Al and AuAl2 (total thickness of 
150~300 nm), with remnant alumina encapsulated in these IMCs. 
(3) With the simplifying assumption that IMC formation during bonding is diffusion 
controlled, we estimate in the current work the ultrasonic effect to be equivalent 
to heating the interface to > 600°C, while the overall average temperature is 
probably near 320°C. This arises because ultrasonic vibration increases the real 
local temperature, and simultaneously produces numerous diffusion pathways 
via grain boundaries and dislocations that lower activation energies. 
(4) The co-existence of Au4Al and AuAl2 is due to a native alumina overlayer that 
attenuates Au and Al interdiffusion. This reduces the effective concentration of 
Au at the growth interface adjacent to Al, and that of Al at the interface near Au. 
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CHAPTER 6 
 
Copper Ball Bonding Mechanism 
 
 
 
In Chapter 5, a HRTEM study of the interfacial structure in gold ball bonding on 
aluminium pads showed that ultrasonic vibration under certain pressure and heat 
opens pathways for Au-Al interdiffusion through the oxide barrier, promoting 
formation of IMCs Au4Al and AuAl2 with thickness of 150~300 nm, resulting in 
robust bonds. In this chapter, the nano-scale interfacial characteristics of copper ball 
bonding on aluminium pads are systematically investigated, especially a fracture 
behaviour of a native alumina overlayer on Al pads and formation of IMCs at Cu/Al 
interface, as well as the effects of bonding parameters on the interfacial microstructure 
and bonding strength. Based on the experimental results, a copper ball bonding 
mechanism is proposed, and compared with the one for gold ball bonding. 
 
6.1 Morphology of copper ball bonds 
Similar to the Au FAB, a Cu FAB comprised only a few large columnar grains (Fig. 
6.1). The grains in the Cu FABs were elongated due to the heat flux from the bottom 
of the FAB to the wire during solidification. Adjacent to the FAB was a heat-affected 
zone (HAZ), where grains were also enlarged due to recrystallization during the EFO 
ball formation process. 
Figure 6.2a shows typical copper ball bonds on the aluminium pads of an IC 
chip with a standard bonding parameter setting (see Table 4.4 for detailed parameters). 
The bond formation was good and there was no evidence of a crack. The failure in 
pull tests typically occurred in the necks rather than at the interfaces between the balls 
and the aluminium metallization pads (Fig. 6.2b), indicating that copper balls were 
strongly bonded onto the aluminium pads. 
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Fig. 6.1 EBSD of Cu wire with FAB and HAZ. 
 
 
Fig. 6.2 (a) SEM image of typical copper ball bonds on aluminium pads of IC chip (see Table 4.4 
for detailed bonding parameters); (b) failure position in necks during pull tests confirming good 
bondability (mean pull force 12.5 gf). 
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6.2 Interfacial characteristics in copper ball bonds 
6.2.1 SEM characterization of interfacial structure 
An SEM image of a typical Cu-Al interface with the standard bonding parameter 
setting (see Table 4.4 for detailed parameters) is shown in Fig. 6.3a. The Cu ball and 
Al pad were connected without voids or gaps between them. With a higher 
magnification, the details of the highlighted area A (Fig. 6.3b) show that the Cu-Al 
interface consisted of two types of regions: one without IMCs (labeled AA) and 
another with IMCs (labeled AB). This is similar to the interface in Au-Al bonds, 
where two types of regions - one without IMCs and another with them - also exist. 
However, the IMCs in Cu-Al bonds were much smaller than those in Au-Al bonds  
(150-300 nm thick). To further characterize the interfacial structure and identify 
intermetallic phases in Cu-Al bonds, a TEM study was conducted. 
 
 
Fig. 6.3 (a) SEM image of Cu-Al interface in as-bonded state (see Table 4.4 for detailed bonding 
parameters); (b) details of region A in (a) presenting two types of regions, labeled AA and AB, 
respectively. *A layer of Pt was deposited in order to obtain a cleaner cross section by FIB. 
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6.2.2 TEM characterization of interfacial structure 
The two types of regions at the interface were further confirmed by TEM studies, as 
shown in Fig. 6.4, where region A was without IMCs and region B with IMCs. Both 
regions were gap-free and void-free. Here, the void signifies those present at 
nanoscale in the centre of large alumina debris as reported in Chapter 5. The gap 
means that the two metals are not metallurgical bonded and separated by a narrow and 
long area between their surfaces, found at sub-micro scale in the central contact area 
of thermosonic Cu-Al bonds for non-optimized bonding parameters. 
 
 
Fig. 6.4 TEM image of interfacial morphologies of Cu-Al bond in as-bonded state (see Table 4.4 
for detailed bonding parameters). 
Figure 6.5a gives a TEM image taken in region A of Fig. 6.4, which presents a 
5~10 nm thick uniform layer between the copper ball and the aluminium pad. The 
STEM - EDX results (Table 6.1) shows that the main constituents of this layer are 
aluminium and oxygen, indicating the existence of an alumina film, which remains 
intact after bonding. In detail, region A-A in Fig. 6.5a consists of three distinct 
electron interference patterns (Fig. 6.5b), with fast Fourier transform (FFT) analysis 
of these regions consistent with copper metal (Fm-3m, a = 3.615 Å) [110], CuO 
(C12/c1, a = 4.6837 Å, b = 3.4226 Å, c = 5.1288 Å, β = 99.59°) [152] and amorphous 
alumina in agreement with STEM-EDX (Table 6.1). The copper oxide (~3 nm thick 
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or less) was believed to be formed during the electronic sparking, i.e. the ball 
formation process. The amorphous aluminium oxide and copper oxide layers appeared 
contiguous at the atomic scale. 
 
 
Fig. 6.5 (a) Details of region A in Fig. 6.4 with alumina film between copper and aluminium; (b) 
details of region A-A in (a) presenting amorphous alumina, crystalline CuO and Cu. 
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Table 6.1 STEM-EDX results for regions 1 - 5 in Fig. 6.5a. 
Regions O K at.% Al K at.% Cu K at.% 
1 5 93 2 
2 11 88 1 
3 47 48 5 
4 45 11 44 
5 6 3 91 
 
In the second type of Cu-Al interface (region B, Fig. 6.4) the amorphous 
aluminium oxide was replaced with an IMC particle (~30 nm thick) (Fig. 6.6a). 
Murali et al. [58] and Ratchev et al. [46] did not detect Cu-Al IMCs by SEM due to 
their extremely small size; however, they can be identified by TEM. FFT analysis of 
the interference lattices was consistent with CuAl2 (I4/mcm, a = 6.067 Å and c = 
4.877 Å) [117] aligned along [210] orientation forming a boundary with Al (Fm-3m, a 
= 4.049 Å) [108] and Cu (Fm-3m, a = 3.615 Å) [110] in [101] (Figs. 6.6b and c). The 
interfaces may be semi-coherent as Al d020 = 0.203 nm, d11-1 = 0.234 nm; CuAl2 d002 = 
0.244 nm, and d-121 = 0.237 nm, but a selection of images collected over a range of tilt 
angles would be required for confirmation. Semi-coherent means that the values of 
one lattice constant of two phases at the interface are comparable, but values of a 
second lattice constant are different. 
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Fig. 6.6 (a) Details of region B in Fig. 6.4 show that the amorphous alumina layer disappears, and 
an approx. 30 nm thick layer of crystalline CuAl2 is introduced; (b) details of region B-A in (a); (c) 
details of region B-B in (a). 
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6.2.3 Distribution of IMCs 
The Cu-Al interface with the standard bonding parameters (Table 4.4) can be 
generally divided into three zones in terms of the amount of IMCs formed during 
bonding, as shown in Fig. 6.7. The central regions (Zone-1, Fig. 6.7a) consist of an 
almost continuous layer of IMCs (Fig. 6.7b); the peripheral regions (Zone-3, Fig. 6.7a) 
contain discontinuous IMCs particles (Fig. 6.7c); the regions between the centre and 
periphery (Zone-2, Fig. 6.7a) are almost free of IMCs (Fig. 6.7d). This is similar to 
the Au-Al interface, where IMCs are also preferentially formed in the centre and 
periphery of the bonds. However, the micro-slip theory [30, 31] predicted that the 
bonding initiated at the periphery and grew towards the centre. The preferential IMC 
formation at both the periphery and the centre of the bonds in this study is probably 
due to the enhanced disintegration of the oxide layer in those regions. The application 
of standby and contact ultrasonic power disrupts the oxide in the central regions at the 
initial stage of bonding, is agreed with the ‘fretting’ theory [29], while the oxide on 
the periphery is fragmented during the main stage of the bonding due to the ‘micro-
slipping’ according to the ‘micro-slip’ theory [31]. The distribution of the initial IMCs 
has a significant influence on the interfacial evolution during post thermal annealing, 
as will be discussed in next two chapters. 
 
6.2.4 Kinetics of Cu-Al bond formation 
In order to distinguish between the solid state and liquid state models of bond 
formation, its kinetics is investigated. It has been reported that the Cu-Al IMC growth 
in Cu-Al bonds followed the parabolic law during thermal annealing [53, 55, 61], 
obeying equations 5.1 and 5.2. If the bonding process is diffusion controlled, and IMC 
thickness x  = 30 nm and bonding duration t  = 0.009 s (see Table 4.4 for detailed 
bonding parameters), the intermetallic growth rate constant D  is estimated to be 
1.0×10-13 m2/s, which is about four orders of magnitude smaller than the reported 
diffusion rates of Cu in liquid Al (5.1 × 10-9 m2/s at 661°C) [146], therefore 
thermosonic bonding is further confirmed to be a solid state process. 
According to Xu et al. [55], Q  = 97.1 kJ/mol and 0D  = 1.21×10-7 m2/s for the 
growth of Cu-Al IMCs. Consequently, in the present study with x  = 30 nm and t  = 
0.009 s, the effective (or equivalent) temperature is estimated to be 561°C. As 
described in Chapter 5, the effective temperature includes an increase in the interfacial 
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Fig. 6.7 Distribution of IMCs along Cu-Al interface in as-bonded state: (a) general view of Cu-Al 
interface; (b) details of Zone-1 in (a) showing almost continuous layer of IMCs; (c) details of 
Zone-3 in (a) showing discontinuous IMCs particles; (d) details of Zone-2 in (a) showing almost 
no IMCs. 
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temperature T  caused by mechanical vibration and a decrease in activation energy Q  
as a result of ultrasonic action. The effective temperature calculated here is close to 
the one estimated for gold ball bonding (619°C) (Chapter 5). Since the highest 
measured temperature is 320°C [14], the high effective temperature is at least partially 
ascribed to a decrease in activation energy, although its value is difficult to obtain. 
As proposed in Chapter 5 for gold ball bonding, ultrasonic vibration lowers 
activation energy by producing numerous diffusion pathways via grain boundaries 
and dislocations. This is supported by a HRTEM study on the lattice of IMCs in Cu-
Al bonds as shown in Fig. 6.8, which presents that a large quantity of defects locate 
inside the Cu-Al IMCs, accelerating metal migration via those short channels. 
 
 
Fig. 6.8 HRTEM image presenting a large number of defects inside IMCs, with some examples 
being indicated by circles.  
 
6.3 Effect of bonding parameters 
A standard bonding parameter setting results in partial fracture of the native oxide 
layer and formation of IMCs in those areas. In this section, the aim is to investigate 
the effects of the main bonding parameters - ultrasonic power, bonding force, bonding 
duration and substrate temperature - on the interfacial microstructural evolution and 
bonding strength. 
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6.3.1 Ultrasonic power 
Three ultrasonic power settings (levels UP1, UP2 and UP3) (Table 6.2) were selected 
so that their effect on the interfacial structure and bonding strength could be studied. 
The ultrasonic amplitudes of the capillary tip were measured using a laser 
interferometer and are given in Table 6.2; the frequency remained at 138 kHz for all 
the studied power levels. Shear tests were performed to evaluate the bonding strength 
as a function of ultrasonic power. The shear strength was obtained as pressure, i.e. 
shear force per unit area. The results are given in Table 6.3. There was an obvious 
trend of increasing shear force and shear strength with an increase in ultrasonic power. 
A slight increase of ball diameter D  and decrease of ball height H  were seen as the 
ultrasonic power increases due to softening. The definition of D  and H  was given in 
Section 4.3.6. 
In order to understand the underlying mechanism of ultrasonic power 
dependence of bonding strength, the interfacial structure formed with different power 
levels was examined by electron microscopy. Figures. 6.9 a-c show the general view 
of interfaces formed with three levels of ultrasonic power. There was no significant 
difference in the interfacial structure at micro-scale, as observed with SEM at the 
magnification used to obtain Fig. 6.9. In order to characterize the interfacial structures 
at nano-scale and verify their difference due to the variation of ultrasonic power, TEM 
analysis was performed. 
 
 
Fig. 6.9 SEM images of Cu-Al interfaces for three levels of ultrasonic power: (a) Level UP1; (b) 
Level UP2; (c) Level UP3. 
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Table 6.2 Bonding parameters for three levels of ultrasonic powers.* 
Bonding parameters Level UP1 (low power) Level UP2 (standard power) Level UP3 (high power) 
Standby power**, DAC*** 6 (105.0 nm) 12 (210.0 nm) 18 (315.0 nm) 
Contact power, DAC 0 (0 nm) 10 (175.0 nm) 15 (262.5 nm) 
Contact force, mN 220 220 220 
Contact duration, s 0.003 0.003 0.003 
Bonding power, DAC 28 (490.0 nm) 36 (630.0 nm) 45 (787.5 nm) 
Bonding force, mN 180 180 180 
Bonding duration, s 0.006 0.006 0.006 
Substrate temperature, °C 175 175 175 
* Ultrasonic amplitudes of the capillary tip are listed in brackets. A whole bonding duration consists of two basic stages: (i) contact stage and (ii) bonding stage. During the 
contact stage, a high bonding force and a low ultrasonic power are usually employed to cause big plastic deformation of the balls; during the bonding stage, a low bonding 
force and a high ultrasonic power are used to ensure robust bonds. Interdiffusion and IMC formation take place during the latter stage, so the bonding strength is mainly 
determined by the bonding stage. 
** Standby power is ultrasonic power used before a ball is attached to a pad. 
*** DAC is an ASM internal energy unit. It is the abbreviation of digital to analog conversion. 
 
Table 6.3 Effect of ultrasonic power on bond geometry, shear force and shear strength (1 gf = 9.8×10-3 N). 
 Level UP1 (low power) Level UP2 (standard power) Level UP3 (high power) 
 
Ball 
diameter, 
μm 
Ball 
height, μm 
Shear 
force, gf
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Min 37.1 12.4 11.4 - 39.5 11.6 14.1 - 40.3 10.4 15.9 - 
Max 39.2 13.8 13.3 - 40.9 12.9 17.4 - 43.3 11.9 19.7 - 
Mean 38.2 13.1 12.4 108.6 40.1 12.2 15.5 122.8 41.6 11.2 18.2 134.0 
STDEV* 0.71 0.43 0.46 - 0.49 0.45 0.65 - 0.65 0.46 0.56 - 
* Standard deviation for 20 measured samples. 
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As reported earlier, the amount of IMCs changes along the interface, with 
more IMCs present in the centre and periphery of the bonds. In order to keep 
compatibility, all TEM samples used in this Section (6.3) were extracted from the 
central regions of the interfaces by means of FIB, an example of which is shown in 
the insert of Fig. 6.10a. 
TEM demonstrates that the basic interface consists of two distinct regions for 
all three levels of ultrasonic power applied (Figs. 6.10-6.12): (i) a uniform and 
compact alumina layer in direct contact with Cu and (ii) regions containing IMCs. 
However, at a low ultrasonic energy (Level UP1), only a few IMC particles were 
formed and they were usually approximately 15 nm thick (Fig. 6.10a). The FFT 
analysis on the lattice image (Fig. 6.10b) from region A in Fig. 6.10a confirmed that 
the IMC was CuAl2. For almost all other regions, a uniform and compact layer of 
amorphous alumina was present between the copper ball and the aluminium pad (Fig. 
6.10c). 
As more ultrasonic energy was applied, more IMCs were formed along the 
interface (Figs. 6.11a for Level UP2 and 6.12a for Level UP3). In particular, Level 
UP3 resulted in an almost continuous layer of IMCs. In addition, the IMC thickness 
increased from ~15 nm at Level UP1 to ~30 nm at Level UP2 and to ~40 nm at Level 
UP3. The IMC phase remained the same - CuAl2. However, the highest power caused 
a few voids along the interface. These voids were present inside alumina rather than 
between the alumina layer and the copper ball (Fig. 6.12c). Since the alumina and the 
copper appeared to be contiguous at the atomic scale, those voids were probably 
formed after the contact of the alumina with the copper, and due to the severe 
vibration at high ultrasonic power. But generally, Cu-Al bond was almost void-free. 
Based on the assumption that wire bonding is a diffusion-controlled process, 
and using Q  = 97.1 KJ/mol and 0D  = 1.2×10-7 m2/s [55], the effective temperatures 
derived from equations (5.1) and (5.2) are 486°C for Level UP1, 561°C for Level UP2, 
and 605°C for Level UP3. Therefore, the effective temperature significantly increases 
with increasing ultrasonic power, accelerating the formation of IMCs. 
As proposed in Chapter 5 for gold ball bonding, the initial formation of IMCs 
relies on the oxide rupture by ultrasonic vibration at certain pressures and 
temperatures, and compound growth is sustained by atomic migration along grain 
boundaries and dislocations within the alloys themselves. This theory also applies to 
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Fig. 6.10 (a) TEM image of Cu-Al interfaces for low power (Level UP1 in Table 6.2): only a few 
IMC particles were formed; (b) details of region A in (a) presenting an approximately 15-nm-thick 
CuAl2 particle; (c) details of region B in (a) showing an alumina layer between the copper ball and 
the aluminium pad. 
 
copper ball bonding. A higher ultrasonic power breaks up oxide over a larger area, so 
IMCs occupy a larger area along the Cu-Al interface. Besides, stronger vibration heats 
up the interface to a higher temperature, and simultaneously creates more grain 
boundaries and dislocations, promoting the metal migration and, therefore, thicker 
compounds. The formation of thicker IMCs in a larger area along the interface 
significantly increases the bonding strength. 
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Fig. 6.11 (a) TEM image of Cu-Al interface for standard parameter setting (Level UP2 in Table 
6.2): an almost continuous IMC layer (~30 nm) was formed during bonding; (b) higher 
magnification of region A in (a) showing IMC particles between Cu and Al; (c) lattice image of 
region A-1 in (b) confirming CuAl2; (d) details of region B in (a) presenting a uniform layer of 
alumina between Cu and Al. 
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Fig. 6.12 (a) TEM image of Cu-Al interface for high ultrasonic power (Level UP3 in Table 6.2): 
an almost continuous and relatively thick IMC layer (~40 nm) was formed during bonding; (b) 
higher magnification of region A in (a) showing an approximately 40-nm-thick layer of CuAl2 
between Cu and Al; (c) details of region B in (a) presenting a void. 
 
 
Chapter 6 Copper Ball Bonding Mechanism 
 94
6.3.2 Bonding force 
In order to explore the effects of bonding force on the interfacial structure and 
bonding strength, three bonding force settings (levels BF1, BF2 and BF3) were 
selected. The detailed parameters are listed in Table 6.4. 
 
Table 6.4 Bonding parameters for three levels of bonding force. 
Bonding parameters Level BF1 (low force) 
Level BF2 
(standard force) 
Level BF3 
(high force) 
Standby power, DAC 12 (210.0 nm) 12 (210.0 nm) 12 (210.0 nm) 
Contact power, DAC 10 (175.0 nm) 10 (175.0 nm) 10 (175.0 nm) 
Contact force, mN 140 220 300 
Contact duration, s 0.003 0.003 0.003 
Bonding power, DAC 36 (630.0 nm) 36 (630.0 nm) 36 (630.0 nm) 
Bonding force, mN 100 180 260 
Bonding duration, s 0.006 0.006 0.006 
Substrate 
temperature, °C 175 175 175 
 
Higher deformation resulting in a larger ball diameter and a smaller ball height 
was caused by application of a higher bonding force (Table 6.5). Moreover, the shear 
force and shear strength increased with an increase in bonding force. 
A low bonding force resulted in an interface with only a few IMC particles, 
with its other parts being occupied by uniform layers of alumina (Fig. 6.13), while the 
standard bonding force resulted in an almost continuous layer of IMCs (Fig. 6.11a), 
indicating that sufficient contact pressure is essential for the effective fracture of the 
oxide layers. The lower the bonding force, the less the fracture of the oxide, resulting 
in formation of fewer and smaller IMCs and, therefore, a weaker bond. In addition, 
low bonding force produces fewer defects in metals and alloys compared to a high 
bonding force, reducing metal diffusivity to form IMCs. Thus, IMCs formed with the 
low bonding force (Level BF1) had a mean thickness of ~20 nm, which is lower than 
that for a standard force (Level BF2) (~30 nm thick). 
.
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Table 6.5 Effect of bonding force on bond geometry, shear force and shear strength. 
 LevelBF1 (low force) Level BF2 (standard force) Level BF3 (high force) 
 
Ball 
diameter, 
μm 
Ball 
height, μm 
Shear  
force, gf 
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Min 36.7 13.2 10.8 - 39.5 11.6 14.1 - 40.2 10.8 15.7 - 
Max 39.4 14.1 13.8 - 40.9 12.9 17.4 - 43.6 11.9 19.8 - 
Mean 38.1 13.7 12.1 106.2 40.1 12.2 15.5 122.8 42.0 11.4 17.9 129.3 
STDEV* 0.93 0.38 0.96 - 0.49 0.45 0.65 - 0.82 0.36 1.21 - 
* Standard deviation for 20 measured samples. 
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Fig. 6.13 (a) TEM image of Cu-Al interface for low bonding force (Level BF1 in Table 6.4): only 
a few IMC particles were formed during bonding; (b) details of region A in (a) presenting an 
approx. 20-nm-thick IMC particle along the Cu-Al interface. 
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6.3.3 Bonding duration 
Three settings of bonding duration (levels BD1, BD2 and BD3) were selected to 
investigate its effect on the interfacial structure and bonding strength. The detailed 
parameters are listed in Table 6.6. 
Similar to the effect of ultrasonic power and bonding force, a longer bonding 
duration resulted in a slightly higher deformation (larger ball diameter and shorter ball 
height) (Table 6.7). Moreover, there was a trend of increasing shear strength with an 
increase in bonding duration. 
A typical Cu-Al interface produced with a short bonding duration (Level BD1) 
is given in Fig. 6.14a, demonstrating that the alumina occupies almost all the 
interfacial regions. A HRTEM image (Fig. 6.14b) of region A in Fig. 6.14a confirms 
that a uniform layer of alumina is present between the copper ball and the aluminium 
pad. Only a few IMC particles were observed, and one of them is shown in Fig. 6.14c 
with a higher magnification. 
As compared to the interface produced with a standard bonding duration 
(Level BD2), as shown in Fig. 6.11a, which contains an almost continuous layer of 
IMCs, this interface indicates that a suitable bonding duration is essential for the 
formation of a proper quantity of IMCs. The relative motion between the ball and the 
pad will lead to wear of oxide or contaminant similar to that described by an equation 
developed for a contact surface pair in relative motion [71]: 
H
kvPtd ×= ,          (6.3) 
where d  is the depth of material worn, t  the time, P  the mean or nominal pressure, 
H  material hardness, k  the wear constant, and v  the sliding velocity. Hence, an 
increased bonding duration would lead to more sufficient removal of the oxide and 
contaminant layer from the aluminium pad and, therefore, more IMCs will be formed, 
resulting in a significant increase in bonding strength. This is consistent with our 
previous results that show that ultrasonic vibration disrupts the oxides on the contact 
surface of aluminium, and IMCs could be formed only in the areas where oxides are 
fragmented. In addition, a longer interdiffusion results in thicker IMCs (from ~20 nm 
for level BD1 to ~30 nm for level BD2), improving the bonding strength. However, 
the intermetallic phase remains the same as CuAl2. 
.
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Table 6.6 Bonding parameters for three levels of bonding duration. 
Bonding parameters Level BD1 (short duration) Level BD2 (standard duration) Level BD3 (long duration)
Standby power, DAC 12 (210.0 nm) 12 (210.0 nm) 12 (210.0 nm) 
Contact power, DAC 10 (175.0 nm) 10 (175.0 nm) 10 (175.0 nm) 
Contact force, mN 220 220 220 
Contact duration, s 0.001 0.003 0.005 
Bonding power, DAC 36 (630.0 nm) 36 (630.0 nm) 36 (630.0 nm) 
Bonding force, mN 180 180 180 
Bonding duration, s 0.002 0.006 0.010 
Substrate temperature, °C 175 175 175 
 
Table 6.7 Effect of bonding duration on bond geometry, shear force and shear strength. 
 Level BD1 (short duration) Level BD2 (standard duration) Level BD3 (long duration) 
 
Ball 
diameter, 
μm 
Ball 
height, μm 
Shear force, 
gf 
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Min 37.2 12.7 10.8 - 39.5 11.6 14.1 - 40.6 10.1 15.9 - 
Max 39.7 14.2 14.3 - 40.9 12.9 17.4 - 44.8 11.5 20.9 - 
Mean 38.4 13.4 12.5 108.0 40.1 12.2 15.5 122.8 42.9 10.9 18.8 130.1 
STDEV* 1.08 0.42 0.62 - 0.49 0.45 0.65 - 0.70 0.56 1.06 - 
* Standard deviation for 20 measured samples. 
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Fig. 6.14 (a) TEM image of Cu-Al interface for short bonding duration (Level BD1 in Table 6.6): 
alumina occupied almost the entire interface; (b) details of region A in (a) presenting an alumina 
layer between the copper ball and aluminium pad; (c) details of region B in (a) showing an approx. 
20-nm-thick IMC particle. 
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6.3.4 Substrate temperature 
To study the effects of substrate temperature on the interfacial structural changes for 
bonding strength, three substrate temperature levels (ST1, ST2 and ST3) were 
selected (Table 6.8). 
 
Table 6.8 Bonding parameters for three levels of substrate temperature. 
Bonding parameters Level-ST1 (room temperature)
Level-ST2 
(standard, 175°C)
Level-ST3 
(300°C) 
Standby power, DAC 12 (210.0 nm) 12 (210.0 nm) 12 (210.0 nm) 
Contact power, DAC 10 (175.0 nm) 10 (175.0 nm) 10 (175.0 nm) 
Contact force, mN 220 220 220 
Contact duration, s 0.003 0.003 0.003 
Bonding power, DAC 36 (630.0 nm) 36 (630.0 nm) 36 (630.0 nm) 
Bonding force, mN 180 180 180 
Bonding duration, s 0.006 0.006 0.006 
Substrate 
temperature, °C 25 175 300 
 
There was an obvious shear strength enhancement with an increase in 
substrate temperature (Table 6.9). A slightly increased bond deformation (larger 
diameter and smaller height) was also observed at a higher substrate temperature. 
At room temperature (Level ST1), only a few local IMCs were formed during 
bonding, while elsewhere there were uniform layers of alumina (Figs. 6.15 a-c). As 
mentioned in Section 4.2.1, although the bonded samples were removed immediately 
after bonding from a work stage, they were inevitably maintained at a substrate 
temperature for ~5 s. Wire bonding at room temperature was performed with the 
particular aim of eliminating that annealing process. The presence of IMCs indicates 
that their nucleation and growth take place during bonding, although the quantity of 
IMCs is small at room temperature. However, exposure to 175°C (Level ST2) resulted 
in an almost continuous IMC layer (Fig. 6.11). It is therefore inferred that pre-heating 
of the substrate promotes the fracture of alumina. Furthermore, a proper substrate 
temperature contributes to the Cu-Al interfacial temperature during bonding, 
accelerating interdiffusion of Cu and Al and facilitating the formation of IMCs. The 
latter dramatically increases the bonding strength. 
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Table 6.9 Effect of substrate temperature on bond geometry, shear force and shear strength. 
 Level-ST1 (room temperature) Level-ST2 (175°C) Level-ST3 (300°C) 
 
Ball 
diameter, 
μm 
Ball 
height, μm 
Shear 
force, gf
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf 
Shear 
strength, 
MPa 
Ball 
diameter, 
μm 
Ball 
height, μm
Shear 
force, gf
Shear 
strength, 
MPa 
Min 37.4 11.7 7.2 - 39.5 11.6 14.1 - 39.1 10.7 19.1 - 
Max 40.9 13.5 9.5 - 40.9 12.9 17.4 - 44.5 12.1 23.9 - 
Mean 39.1 12.6 8.3 69.2 40.1 12.2 15.5 122.8 42.8 11.5 21.2 147.4 
STDEV* 0.81 0.53 0.80 - 0.49 0.45 0.65 - 0.89 0.45 1.32 - 
* Standard deviation for 20 measured samples. 
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Fig. 6.15 (a) TEM images of Cu-Al interface formed at room temperature: only a few IMC 
particles were formed; (b) higher magnification of region A in (a) showing approximately 20-nm-
thick IMC particles; (c) details of region B in (a) presenting a uniform layer of alumina between 
the copper ball and the aluminium pad. 
 
6.4 Discussion 
6.4.1 Interfacial behaviour during copper ball bonding 
In a similar manner to gold ball bonding on aluminium pads, as discussed in Chapter 
5, Cu-Al bond formation also involves the fracture of an oxide layer and formation of 
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IMCs, as schematically represented in Fig. 6.16. The oxide is the native uniform layer 
at the surface of the bond pad or the ball (Fig. 6.16a). After bonding, both Au-Al and 
Cu-Al bonds consist of two types of interfacial connection: one contains uniform 
oxide layers, and the other one is with IMCs (15-40 nm thick Cu-Al IMCs, or 150-300 
nm thick Au-Al IMCs) (Fig. 6.16b). The alumina films in the former case remain 
intact in terms of their locations and shapes. This indicates that the bonding process 
did not affect these regions significantly, certainly not to a degree of fracturing and 
relocating the films. It is obvious that IMCs are absent in these regions, primarily due 
to prevention of interdiffusion of Cu (or Au) and Al by the compact oxide barrier. 
However, in the latter case, the disintegration and removal of alumina films at the 
interface is obvious. The ultrasonic vibration effectively breaks up the alumina film, 
thus making a direct contact between Cu (or Au) and Al possible. The AFM result 
(Fig. 6.17) shows that the roughness average of the Al pad is 37.8 nm, which is much 
rougher compared to the thickness of the native alumina layer. Therefore, the wear 
preferentially takes place at the asperities, while in surface depressions, the oxide 
remains. The formation of IMCs occurs in the areas where oxide layers are 
fragmented, providing significant enhancement of the bonding strength. 
 
 
Fig. 6.16 Schematics of interfacial structure before bonding (a) and after bonding (b). 
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Fig. 6.17 Height plot from AFM on the surface of the Al pad. 
 
The amount of initial IMCs is dependent on the fracture of native oxide, and 
the higher disintegration of the oxide layer leads to enhanced initial formation of 
IMCs. The levels of bonding parameters affect the fragmentation of oxide, so 
determining the quantity of initial IMCs and, therefore, affecting the bonding strength. 
Although the initial formation of IMCs relies on the rupture of native oxide, the 
growth of IMCs is sustained by diffusion of Cu and Al through the IMC layer. The 
diffusivity of the metals is influenced by lattice structure of IMCs; the more defects in 
the IMC lattice, the faster the diffusion process. For example, high levels of the 
ultrasonic power or bonding force cause more defects, leading to thicker layer of 
IMCs and, therefore, a stronger bond. A longer interdiffusion duration and an 
increased temperature also result in thicker IMCs and influence the bonding strength. 
According to the equilibrium phase diagram of the Cu-Al system [116], at 
least five intermetallic compounds - CuAl2(θ), CuAl(η2), Cu4Al3(ζ2), Cu3Al2(δ) and 
Cu9Al4(γ1) - possibly exist. However, only CuAl2 is formed during bonding. Using the 
model of Pretorius et al. [142, 143], as introduced in Section 3.3.3, with the effective 
concentration of 17 at.% Cu 83 at.% Al, the effective heats of formation for CuAl2, 
CuAl and Cu9Al4 are estimated to be -6.1 kJ/mol, -5.1 kJ/mol and -4.1 kJ/mol, 
respectively; therefore, CuAl2 is the favoured phase to be formed. This is consistent 
with the results in this study that CuAl2 nucleates during bonding. In addition, from 
Chapter 6 Copper Ball Bonding Mechanism 
 105
the crystallographic point of view, the more atoms there are in a unit cell, the more 
difficult and less energetically favourable it is to crystallize. CuAl2 (tetragonal, 
I4/mcm) [117, 118] has 12 atoms per unit cell and a short range order, and is more 
likely to be formed than CuAl (monoclinic, C12/m1, 20 atoms per unit cell) [119] and 
Cu9Al4 (cubic, P4-3m, 52 atoms per unit cell) [122]. Thus, it is reasonable to believe 
that CuAl2 nucleates first during wire bonding. In thin-film studies (where Al and Cu 
films were deposited one by one without breaking the vacuum) X-ray diffraction and 
Rutherford backscattering spectrometry found that CuAl2 was formed initially [130, 
131], while elsewhere CuAl2 and Cu9Al4 [127-129] reportedly grew simultaneously. 
 
6.4.3 Mechanism of thermosonic/ultrasonic ball bonding 
By comparing the interfacial characteristics of both Cu-Al and Au-Al bonds, it is 
believed that the mechanism of thermosonic copper ball bonding is almost the same as 
the one for gold ball bonding. Thus, a general mechanism of thermosonic/ultrasonic 
bonding is proposed as follows (Fig. 6.18): Ultrasonic vibration under certain 
pressures and temperature partially removes the native oxide layer, promoting a direct 
contact between Cu (or Au) and Al. Ultrasonic vibration also increases the interfacial 
temperature, and simultaneously lowers activation energy by producing numerous 
diffusion pathways via grain boundaries and dislocations, so metal diffusivity 
increases significantly. Atomic interdiffusion proceeds in areas where the oxide layers 
are fragmented and fresh metal surfaces are in contact. This promotes formation of the 
IMC layer and consequently improves the bonding strength dramatically. Moreover, 
IMC crystallization correlates directly with bonding parameters, including ultrasonic 
power, bonding force, bonding duration and substrate temperature, and at their 
specific levels, alumina fragmentation is greater, metal mobility accelerates and more 
IMCs form in the contact area, resulting in stronger bonds. 
The main difference between copper ball bonding and gold wire bonding is the 
quantity of the IMCs formed during bonding, with Au-Al IMCs (150-300 nm thick) 
being much larger than Cu-Al IMCs (15-40 nm thick). The cause of the large 
difference in the IMC growth rate will be discussed in Chapter 8. 
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Fig. 6.18 Illustration of thermosonic ball bonding mechanism. 
6.5 Summary 
Nano-scale interfacial characteristics of as-bonded Cu-Al bonds were examined by 
HRTEM, which provided direct evidence of a fundamental mechanism of 
thermosonic copper ball bonding. It is shown that: 
(1) Ultrasonic vibration locally sweeps the oxide layer to promote a direct contact 
between Cu and Al. CuAl2 IMCs (15-40 nm thick) are formed in the areas where 
oxides are fragmented. 
(2) The preferential IMC formation is at the periphery and the centre of the bonds, 
while few IMCs are formed in the regions between the periphery and the centre. 
(3) Almost no voids or gaps nucleate at the entire interface, including the regions 
without oxide. Where oxide is persistent, aluminium oxide and copper oxide 
remain connected. 
(4) Calculations show that the ultrasonic effect is equivalent to heating the interface 
up to 561°C, while the highest temperature reported in the literature during 
thermosonic bonding is near 320°C [14]. This implies that ultrasonic vibration 
not only increases real interfacial temperature but also lowers activation energy, 
improving the metal diffusivity for the IMC formation. 
(5) IMC crystallization correlates directly with bonding parameters, such as 
ultrasonic power, bonding force, bonding duration and substrate temperature, as 
at their proper levels, alumina fragmentation is greater, metal mobility 
accelerates and IMCs form more readily in the contact area, resulting in stronger 
bonds. 
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CHAPTER 7 
 
Au-Al Interfacial Evolution During Thermal Annealing 
 
 
 
7.1 Introduction 
As described in Chapter 5, ultrasonic vibration under a certain amount of pressure and 
heat can partially disrupt the native uniform alumina layer, and consequently IMCs 
are formed in the areas where oxides are detached. Therefore the Au-Al interface 
consists of two typical regions: (i) a continuous and compact alumina film - a native 
oxide initially present on Al pads - in contact directly with Au, and (ii) regions 
containing IMC particles, with alumina remnants being capsulated inside IMCs. The 
initial formation of IMCs during bonding significantly improves the bonding strength. 
However, in practice, wire-bonded packages may experience elevated temperatures 
during moulding and service, resulting in severe growth of IMCs, which is 
detrimental to the electrical and mechanical properties of the bonds. Since the study of 
interfacial behaviour and reliability of bonds in real service is always impossible due 
to its long service life, thermal annealing is usually employed to accelerate the 
chemical reaction. In this chapter, the focus lies on the interfacial evolution in Au-Al 
bonds during thermal annealing at 150°C, 200°C and 250°C for up to 100 hours in the 
vacuum. The work has been done by systematically characterizing the IMC growth 
and phase transformation, remnant alumina evolution, growth and coalescence of 
voids, and their effects on the degradation and failure of the bonds. 
 
7.2 Results of interfacial evolution in Au-Al bonds 
7.2.1 Morphology of IMCs 
The morphologies of Au-Al bonds that were thermally annealed for up to 100 h at 
175°C are shown in Figs. 7.1 (a, a’, a’’) - (e, e’, e’’). Au-Al IMC particles were 
initially formed at the interfacial regions during bonding, and, as observed, they tend 
to nucleate in the central or peripheral regions of the Au-Al contact area (Figs. 7.1a’ 
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and a’’). Those IMCs consisted of at least two layers which were identified as Au4Al 
near the Au ball and AuAl2 adjacent to the Al pad, as discussed in Chapter 5. During 
thermal annealing, interdiffusion reactions resulted in the growth of the Au-Al alloy. 
The IMC layer extended up to ~0.8 µm in thickness after 1 h (Figs. 7.1b’ and b’’), and 
~1.6 µm after 5 h annealing (Figs. 7.1c’ and c’’). However, there are still some 
interfacial areas where IMCs were not formed, implying that the nucleation of IMCs 
during annealing is rather difficult, but the growth of the initially formed IMC 
particles plays a key role. With prolonged thermal annealing, the growth of the Au-Al 
alloys transversal to the bond is evident, since a continuous layer of IMCs was 
 
 
Fig. 7.1 SEM of Au-Al bonds after annealing at 175°C for: (a, a’, a’’) 0 h; (b, b’, b’’) 1 h; (c, c’, c’’) 
5 h; (d, d’, d’’) 25 h and (e, e’, e’’) 100 h. Note: Figs. a’’, b’’, c’’, d’’ and e’’ are the magnified 
images of the indicated regions in a’, b’, c’, d’ and e’ respectively. 
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observed after 25 h (Fig. 7.1d’) and IMCs even grew outwards beyond the perimeter 
of the bond after 100 h (Fig. 7.1e). 
As mentioned in Chapter 5, a few nano-size voids nucleated inside some large 
alumina debris during bonding. They grew during annealing, because larger voids 
were observed after annealing for 1 h (Fig. 7.1b’’). Furthermore, a void line has 
appeared after 5 h (Fig. 7.1c’’), indicating that nucleation of voids took place together 
with the growth of initial formed voids during annealing. With the increase of the 
annealing time, the large cavities were visible due to the coalescence of the voids (25 
h, Fig. 7.1d’and d’’), and they grew as the time further increased (100 h, Fig. 7.1e’ 
and e’’). 
 
The morphological changes that occurred during thermal annealing at 200ºC 
are presented in Figs. 7.2 (a, a’, a’’) - (e, e’, e’’). Accordingly, IMCs grew in these 
samples much faster than those at 175ºC. Evidently, a continuous layer of IMCs was 
formed after only 1 h of annealing at 200ºC (Figs. 7.2 b’ and b’’). The Al pad was 
consumed more quickly due to its rapid reaction with gold, and depleted within 9 h 
(Figs. 7.2c’ and c’’). After that, vertical growth of IMCs slowed down; nevertheless, 
transversal growth of IMCs continued. As seen in Figs. 7.2d and e, IMCs extended 
outside the bond after annealing for 25 h and carried on growing outwards by 
consuming the Al in the neighbouring area beyond the perimeter of the bonds. 
As can be observed in Figs. 7.2c’ and c’’, there was slight growth and 
coalescence of cavities inside IMCs within 9 h of thermal annealing at 200ºC. 
Continued growth of cavities occurred with prolonged thermal annealing, as seen in 
Figs. 7.2 d’ and d’’ for a sample annealed at 200ºC for 25 h, and Fig. 7.2 e’ and e’’ for 
100 h. 
 
Figs. 7.3 (a, a’, a’’) - (e, e’, e’’) show the top-view and cross-sectional SEM 
images of Au-Al bonds after thermal annealing at 250ºC for up to 100 h. The Al pad 
was completely consumed and IMCs grew up to 5 µm in thickness within 1 h (Figs. 
7.3b’ and b’’). In an analogous manner to IMC growth at 175ºC and 200ºC, the 
vertical growth of IMCs at 250ºC slowed down when the Al in the contact area was 
depleted, but rapid transversal growth carried on with further annealing, as shown in 
Figs. 7.3c, d and e. This is attributed to the supply of the Al in the neighbouring area 
outside the bond. Severe transversal growth of IMCs consumed Au, resulting in a  
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Fig. 7.2 Top view and cross-sectional SEM of Au-Al bonds after annealing at 200°C for: (a, a’, a’’) 
0 h; (b, b’, b’’) 1 h; (c, c’, c’’) 9 h; (d, d’, d’’) 25 h and (e, e’, e’’) 100 h. Note: Figs. a’’, b’’, c’’, d’’ 
and e’’ are the magnified images of the indicated regions in a’, b’, c’, d’ and e’ respectively. 
 
significant reduction in the volume of the Au ball (Figs. 7.3e and e’), which is 
detrimental to bonding strength. 
The growth of Au-Al IMCs is always accompanied by the formation of voids, 
and the severer the growth of IMCs, the larger the voids/cavities. As shown in Figs. 
7.3b’ and b’’, the cavities were present inside IMCs after annealing at 250ºC for only 
1 h. Those cavities grew dramatically during annealing, from nano-size for 1 h, to ~1 
µm for 25 h, and up to ~10 µm for 100 h. The large cavities may eventually lead to 
the separation of the Au ball from the chip (Fig. 7.3e’’). 
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Fig. 7.3 Top view and cross-sectional SEM of Au-Al bonds after annealing at 250°C for: (a, a’, a’’) 
0 h; (b, b’, b’’) 1 h; (c, c’, c’’) 25 h; (d, d’, d’’) 49 h and (e, e’, e’’) 100 h. Note: Figs. a’’, b’’, c’’, 
d’’ and e’’ are the magnified images of the indicated regions in a’, b’, c’, d’ and e’ respectively. 
 
7.2.2 Intermetallic phase transformation 
As noted in Chapter 5, the discontinuous IMCs (150-300 nm thick) were observed in 
Au-Al bonds in the as-bonded state. The dominant IMCs were Au4Al and AuAl2, with 
a discontinuous remnant alumina line being encapsulated in these IMCs. In the 
interfacial areas where no IMCs were present, a uniform alumina layer was seen 
between the Au ball and the Al pad. This section aims to ascertain the intermetallic 
phase transformation in Au-Al bonds during thermal annealing. 
When annealed at 175°C for 5 h, a tri-layer of IMCs was formed between the 
Au ball and the Al pad, as shown in Fig. 7.4a. STEM-EDX has revealed the relative 
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composition of a series points across the interface, and the results are given in Table 
7.1. Near the Al pad was an aluminium-rich alloy IMC-1; near the Au ball a gold-rich 
alloy IMC-3, while there was a relatively thick mid-layer IMC-2. In addition, there 
was a region of relatively light contrast, between IMC-2 and IMC-3, confirmed as 
alumina (Fig. 7.4b, Table 7.1), indicating that the discontinuous alumina line which 
initiated during bonding remained during annealing. 
 
 
Fig. 7.4 (a) TEM image of the Au-Al interface after annealing 175°C for 5 h at showing a tri-layer 
of IMCs and a discontinuous alumina line between IMC-2 and IMC-3; (b) HRTEM of region A in 
(a) confirming alumina. 
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Table 7.1 STEM-EDX results for regions 1-6 in Fig. 7.4a, 7 in Fig. 7.4b and 8 in Fig. 7.5a. 
Regions O K at.% Al K at.% Au L at.% 
1 5 94 1 
2 9 63 28 
3 12 27 61 
4 13 24 63 
5 12 18 80 
6 5 8 87 
7 41 40 19 
8 2 89 9 
 
The details of region B in Fig. 7.4a are given in Fig. 7.5a which shows the 
morphology of IMC-1 near the Al pad. It contained approximately 100-nm-size alloy 
grains. Some pure aluminium was trapped by those alloy grains, with an example 
being labelled as 8 in Fig. 7.5a. This suggests that the Al/IMC-1 interface moves fast 
towards the Al pad during the growth of IMC-1, and a detailed discussion about this is 
presented in a later section. In order to identify the IMC-1 phase, one location with 
ordered atomic arrays (labelled as A in Fig. 7.5a) was selected and a lattice image was 
collected (Fig. 7.5b), followed by FFT analysis, which confirmed it was consistent 
with AuAl2 (Fm-3m, a = 5.9988 Å) [145]. 
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Fig. 7.5 (a) Details of morphology of IMC-1 at the region B in Fig. 7.4a from Au-Al bond 
annealed at 175°C for 5 h; (b) lattice image and Fourier reconstructed pattern of region A in (a) 
with AuAl2 [001]. 
 
Compared to IMC-1 (i.e. AuAl2), IMC-2 had a much larger grain size up to 
approximately 500 nm, while IMC-3 consisted of smaller grains (Fig. 7.6a). IMC-2 
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was identified to be crystalline Au8Al3 (R-3c, a = 7.724 Å, c = 42.083 Å) [109] by 
SAED (Fig. 7.6b), while a ring pattern was found in IMC-3 and indexed as Au4Al 
(P213, a = 6.916 Å) [87] (Fig. 7.6c). 
 
 
Fig. 7.6 (a) Details of the region C in Fig. 7.4a contain IMC-2, IMC-3 and Au in Au-Al bond 
annealed at 175°C for 5 h; (b) SAED pattern of IMC-2 - Au8Al3; (c) ring pattern of IMC-3 - Au4Al. 
 
The growth of IMCs in Au-Al bonds carried on by consuming the Al pad. 
However, the Al pad was depleted within 25 h of annealing at 175°C (Figs. 7.1 d’ and 
d’’). Following the complete consumption of the Al in the contact pad area, two phase 
transformations in the bonds may take place: (1) AuAl2+Au->Au8Al3 and (2) 
Au8Al3+Au->Au4Al. This is shown by a TEM study on a sample annealed for 100 h 
(Fig. 7.7). Only Au8Al3 and Au4Al phases were identified by SEAD (Figs. 7.7b and c) 
while AuAl2 had vanished, confirming that AuAl2 had been transformed into Au8Al3. 
In addition, the Au4Al layer, which was initially much thinner than the Au8Al3 layer, 
became thicker than the Au8Al3 layer after annealing for 100 h, implying that Au8Al3 
has to be transformed into Au4Al during prolonged annealing. It is expected that only 
Au4Al will exist if the annealing duration is sufficiently long or at a higher annealing 
temperature which can accelerate the phase transformation, and such case will be 
presented later in this section. 
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Fig. 7.7 (a) TEM image of Au-Al bond annealed at 175°C for 100 h having only Au4Al and 
Au8Al3 between Au and SiO2; (b) SAED from a grain indicated by a line in (a) confirms the 
Au8Al3 structure in a [210] zone axis; (c) SAED from a grain indicated by a line in (a) confirms 
the Au4Al structure in a [111] zone axis. 
 
Although the Al pad in the contact area is completely consumed after a period 
of annealing, the Al in the neighbouring area (i.e. beyond the perimeter of the bond) 
becomes an additional supply (Fig. 7.8a, 175°C for 25 h). In such regions, there was a 
mid-layer of IMCs between Al and Au8Al3 (Fig. 7.8b), which was AuAl2 by FFT 
analysis on the lattice image obtained (Figs. 7.8c). Pure Al was found sometimes to be 
trapped by AuAl2 grains due to the rapid growth of AuAl2. The morphology was 
similar to a central region where the Al pad was not depleted, as shown in Fig. 7.5a. 
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Fig. 7.8 (a) Cross-sectional SEM morphology of an Au-Al bond annealed at 175°C for 25 h; the Al 
in the contact area was depleted, but additional Al was available beyond the perimeter of the bond; 
(b) TEM image of region A in (a) showing a detailed peripheral region with an Al/AuAl2/Au8Al3 
structure; (c) lattice image and Fourier reconstructed pattern of region A-A in (b) with AuAl2 [111]. 
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Similar to the interfacial evolution during thermal annealing at 175°C, thermal 
exposure at 250°C also resulted in the growth of the Au-Al IMCs. However, the alloy 
growth at 250°C was much more accelerated than those at 175°C. As seen in Fig. 7.9a, 
the Al pad in the contact area was completely consumed within 1 h of annealing at 
250°C. In such a case, two layers of IMCs appeared between SiO2 and Au (Fig. 7.9a), 
and they were consistent with Au8Al3 and Au4Al by SAED analysis. Compared to 
Au4Al, Au8Al3 was a much thicker layer. Details of grain structures of Au8Al3, Au4Al 
and Au are shown in Fig. 7.9b. Au8Al3 consisted of large grains (up to 1 µm in 
diameter); Au4Al contained small grains (less then 100 nm in diameter); and Au had a 
distinct structure. It is noted that AuAl2, which was initially formed during bonding, 
has to be converted into Au8Al3 when the Al pad is depleted, as such it disappeared 
within 1 h of annealing at 250°C. However, at the perimeter of the bond, AuAl2 still 
existed between Al and Au8Al3 (Fig. 7.9c), owing to the additional supply of Al at the 
neighbouring area beyond the perimeter of the bond. In addition, the discontinuous 
alumina line of relatively bright contrast, seen in the image located along the interface 
between the layers of Au8Al3 and Au4Al, was confirmed by HRTEM (Fig. 7.10a). 
Voids were sometimes observed along the alumina line, and they were usually 
surrounded by a thin oxide layer (Fig. 7.10b). 
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Fig. 7.9 (a) Cross-sectional TEM image of the region A in Fig. 7.3b’’ from a Au-Al bond annealed 
at 250°C for 1 h; (b) the details of region A in (a) showing the Au8Al3/Au4Al/Au structure; (c) the 
details of region B in (a) showing the Al/AuAl2/Au8Al3 structure at the perimeter of the bond; (d) 
SAED confirming Au8Al3; (e) SAED confirming AuAl2. 
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Fig. 7.10 (a) HRTEM of region C in Fig. 7.9a presenting alumina between Au8Al3 and Au4Al for a 
Au-Al bond annealed at 250°C for 1 h; (b) HRTEM of region D in Fig. 11(a) showing a void 
surrounded by a thin alumina layer. 
 
As the thermal annealing extended, the phase transformation from Au8Al3 into 
Au4Al was observed, as shown in Fig. 7.11, and only Au4Al IMC existed after 
annealing for 25 h at 250°C. However, the alumina line still remained inside the IMCs. 
 
 
Fig. 7.11 (a) Cross-sectional TEM image showing only Au4Al IMC after annealing at 250°C for 
25 h; (b, c) SAEDs confirming Au4Al. 
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7.2.3 TEM characterization of voids 
As shown in SEM Figs. 7.1-7.3, the voids grew dramatically during thermal annealing, 
and the higher the annealing temperature, the faster the growth of voids. To further 
characterize the voids, TEM study was carried out, and the results are presented as 
follows. 
As discussed before, at an early stage of annealing, e.g. 5 h at 175°C, as seen 
in Fig. 7.4, a discontinuous alumina line was found inside the IMCs. Further careful 
examination by TEM revealed a few voids in the centre of the large alumina debris, 
and one of them is shown in Fig. 7.12, taken from region D in Fig. 7.4. These voids 
grew and coalesced with the annealing time. A typical cavity formed after annealing 
for 25 h at 175°C is shown in Fig. 7.13. Extended thermal annealing resulted in 
serious growth of the voids, as given in Fig. 7.14a for an Au-Al bond annealed for 100 
h at 175°C. It is noteworthy that those voids/cavities were always surrounded by a 
thin oxide layer of relative bright contrast (Fig. 7.13 and Fig. 7.14b). Further 
characterization using HRTEM and FFT (Fig. 7.14c) found that the thin layer 
contained amorphous alumina and crystalline gold nanoparticles. In addition, there 
was an obvious increase in thickness of the alumina layer during annealing, from 5-10 
nm for 5 h, to 10-20 nm for 25 h, and to approximately 50 nm for 100 h. 
 
 
Fig. 7.12 TEM of region D in Fig. 7.6a presents a void (tens of nanometres in diameter) in Au-Al 
bond annealed for 5 h at 175°C. 
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Fig. 7.13 TEM of region B in Fig. 7.6a showing a large cavity (~100 nm or more in diameter) in 
Au-Al bond annealed for 25 h at 175°C. 
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Fig. 7.14 (a) TEM image of the huge cavities (a few micrometres in diameter) formed after 
annealing for 100 h at 175°C; (b) HRTEM of region A in (a) showing a thin layer that surrounded 
the cavity; (c) lattice image of region A-A in (b) indicating that the thin layer consisted of 
amorphous alumina and crystalline gold nanoparticles. 
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7.3 Discussion 
7.3.1 Intermetallic phase transformation 
The current studies for the annealing temperature range from 175°C to 250°C show 
that the IMCs are layered between the gold ball and the Al pad, and the phases within 
each layer change with annealing conditions. The sequence of the phase 
transformation can be schematically depicted in Fig. 7.15. Au4Al and AuAl2 are 
initially formed from the bonding process, as shown in Fig. 7.15a. At the early stage 
of annealing, Au8Al3 appears as the third IMC layer between Au4Al and AuAl2 and 
gradually becomes the dominant phase (Fig. 7.15b). When Al is completely consumed, 
AuAu2 has to be dissolved and transformed into Au8Al3 (Fig. 7.15c). In the meantime, 
Au8Al3 starts to transform into Au4Al, owing to the further migration of the Au into 
Au8Al3. Eventually, Au4Al becomes the final IMC product between the Au and SiO2 
(Fig. 7.15d). 
Thermodynamics dictates the compound that nucleates first. The formation of 
Au4Al and AuAl2 during bonding is attributed to their relatively low effective heat of 
formation, as discussed in detail in Chapter 5. In addition to thermodynamics, kinetics 
plays an important role in determining the phases that grow during annealing. The 
diffusion coefficient of Au in Au8Al3 is one order of magnitude higher than that in 
Au4Al and AuAl2 [106], so Au8Al3 grows fast and becomes the dominant phase which 
is in agreement with the previous studies dealing with both thin film couples [102, 
103] and wire bonds [153] where Au8Al3 was found to be thickest layer during 
annealing. In this work, after the Al pad is fully consumed, continued diffusion of Au 
into AuAl2 results in the transformation of AuAl2 to Au8Al3. Meanwhile, Au8Al3 
starts to transform into Au4Al due to its reaction with Au. In general, the final product 
depends on the relative amounts of metals in the initial state. Bulk gold-aluminium 
couples and thin film couples with varying relative amounts of metals could produce 
different compounds [102-104, 111, 112]. Consequently, for gold balls on aluminium 
pads, the amount of gold is much higher than that of aluminium, therefore, a gold-rich 
IMC, i.e. Au4Al, is present as the end phase, which was confirmed by examining a 
sample after annealing for 25 h at 250°C in this study (Fig. 7.11). However, an 
aluminium-rich IMC, i.e. AuAl2, remains at the periphery of the bonds, which is 
assisted by the extra supply of the Al from the metallization layer outside the bonds. 
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Fig. 7.15 Illustration of phase transformation in Au-Al bonds during thermal annealing: (a) Au4Al 
and AuAl2 are initially formed during bonding; (b) Au8Al3 nucleates and becomes the dominant 
phase at the early stage of annealing; (c) when Al is depleted, AuAl2 has to be transformed into 
Au8Al3; (d) Au4Al continues to grow by consuming Au8Al3 and becomes the end product after 
prolonged annealing. 
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7.3.2 Evolution of alumina and growth mechanism of voids 
As highlighted in Chapter 5, an approximately 5-nm-thick uniform alumina film on 
the aluminium pads is partially fragmented during the wire bonding process, and it 
becomes a discontinuous remnant alumina line present between layers of Au4Al and 
AuAl2 prior to annealing. The remnant alumina line remains inside the IMCs but 
migrates during annealing. For example, when the Au8Al3 layer was formed at the 
early stage of annealing, it was located along the interface between Au8Al3 and Au4Al 
and moves towards the Au ball with the growth of Au8Al3. When this Au8Al3 has 
been transformed into Au4Al eventually as annealing extended, the alumina line was 
situated inside Au4Al. 
Before annealing, a few voids were observed inside the large alumina debris 
(≥20 nm). Those initial voids were found to grow dramatically during annealing, in 
agreement with a number of previous studies [43, 153, 154]. This phenomenon was 
usually reported to be attributed to Kirkendall porosity, i.e. the faster diffusing species 
leaves behind vacancies for which the rate of vacancy generation cannot be matched 
by vacancy annihilation. However, detailed examination in this study found that voids 
were inside IMCs but not at the interface between metal and IMCs. Since the 
supersaturation of vacancies, seen in miscible binary alloy systems in which diffusion 
of either species occurs freely and without constraint, may not be possible in 
intermetallic systems, the Kirkendall mechanism may not apply to the growth of voids 
in Au-Al bonds during annealing. Harman [1] also highlighted that Kirkendall voids 
were expected to be formed at higher temperatures, but not the temperatures during a 
plastic encapsulation. Thus, the void/cavity growth in Au-Al bonds in this study 
should be explained by a different mechanism. 
Stephenson [155] and Paritskaya and Bogdanov [156] proposed that large 
plastic stresses that were developed between product phases due to their significant 
differences in volume may lead to void formation between different layers of IMCs. 
The molar volumes of the phases can be calculated using the following equation: 
ZNVV acm /=           (7.1) 
where mV  is the molar volume of phase, cV  the volume of the unit cell, aN  the 
Avogadro constant 6.022 ×  1023 mol-1, and Z  the number of formula weights per unit 
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cell. Thereby, the unit cell volume and molar volume of the phases in Au-Al bonds 
were calculated and are given in Table 7.2. 
 
Table 7.2 Calculated molar volumes of the Au-Al IMCs 
Phase Compound Symmetry 
Space 
Group 
Unit Cell 
Volume 
(Å3)* 
Number of 
formula weights 
per unit cell 
Molar 
volume, 
(cm3/mol) 
Structure
Reference
Au FCC Fm-3m 67.85 4 10.21 [110] 
Al FCC Fm-3m 66.41 4 10.00 [108] 
Au4Al cubic (β’) P213 331.76 4 49.95 
[87, 93, 
100] 
Au8Al3 rhombohedral R-3c 724.77 4 109.11 [109] 
Au2Al orthorhombic Pnma 190.54 4 28.68 [91] 
 orthorhombic Pnnm 475.16 10 28.61 [91] 
AuAl cubic Pm-3m 30.96 1 18.64 [101] 
 monoclinic P21/m 135.26 4 20.36 [95, 99] 
AuAl2 cubic Fm-3m 215.71 4 32.48 
[86, 89, 97, 
99] 
* Cubic 3aVc = ; tetragonal caVc 2= ; orthorhombic abcVc = ; monoclinic βsinabcVc = ; 
rhombohedral 2/1222 ]coscoscos2coscoscos[ γβαγβα +−−−= aabcVc . 
 
Volume changes associated with the intermetallic growth and phase 
transformation in Au-Al bonds were estimated using calculated molar volumes, and 
are shown in Table 7.3. Except for the formation of AuAl2, the growth of other IMCs 
and phase transformations during thermal annealing result in volumetric shrinkage. 
Since AuAl2 is a transitional phase of a relatively thin layer as compared to other 
intermetallic layers, its contribution to the whole volume change can be neglected. 
The entire volumetric shrinkage increases as Au8Al3 and Au4Al grow with the 
annealing time. The stresses arising from the volumetric shrinkage can be relieved by 
the initiation and propagation of voids/cavities at weak regions. In addition, Breach 
and Wuff [157] proposed that the potential weak regions in the bonds were the 
remnant alumina which in this study was found at the interface between two layers of 
IMCs. This theory is in agreement with the current results that voids are formed along 
the alumina line. However, theoretical analysis also shows that volumetric shrinkage 
is only a few percent, which is not sufficient to create large cavities which sometimes 
cross entire intermetallic layers after an extended annealing (Fig. 7.3e’’). Therefore, 
some other factors together with volumetric shrinkage should be taken into account to 
explain the growth of cavities. 
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Table 7.3 Volume changes associated with intermetallic formation and phase transformation in Au-
Al bonds. 
Reaction Volume change, % 
Au+2Al=>AuAl2 +7.5 
Au+Al=> AuAl -7.8* 
2Au+Al=>Au2Al -5.7 
8Au+3Al=>Au8Al3 -2.3 
4Au+Al=>Au4Al -1.8 
3AuAl2+13Au=>2Au8Al3 -5.2 
Au8Al3+4Au=>3Au4Al -0.1 
* -7.8 is estimated with ref [101], but +0.7 if with ref [95, 99]. 
 
The evolution of the void and the surrounding oxide layer with annealing time 
can be schematically illustrated in Fig. 7.16. Prior to annealing, the initial voids are 
surrounded by a thin alumina layer (5-10 nm thick) as seen in Fig. 5.5 (illustrated in 
Fig. 7.16a). As annealing progresses, the thickness of this oxide layer, D , has 
increased and the voids grow with time as observed in Figs. 7.12-7.14 (illustrated in 
Figs. 7.16b and c), suggesting an unknown mechanism that has caused such evolution. 
As proposed in Fig.7.16, this can be involved with the migration of O towards the Au-
Al IMCs which has enabled the internal reaction according to formula (7.2) shown 
below. Therefore, one can predict that  Au crystalline nanoparticles and alumina can 
co-exist as found in Figs. 7.14b and c.  
AuaAlb+O -> AlxOy+Au        (7.2) 
where AuaAlb would be AuAl2, Au8Al3 or Au4Al in this study. Oxygen 
involved in the reaction can be potentially supplied from alumina, since there is no 
source of supply of O2 due to the annealing in a vacuum furnace. The alumina in this 
study was found to have an amorphous structure, this indicates there may contain 
some free oxygen which is likely to react with Au-Al IMCs. In such case, the Au as 
the product of the reaction could merge into crystalline nanoparticles (Figs. 7.16b and 
c), as such the pure Au embedded in the oxide layer is obtained as a result of a phase 
transformation from the Au-Al IMCs. This implies that the reaction takes place at the 
IMCs / oxide interface. This oxidation reaction was also supported by the previous 
studies of oxidation of specific Au-Al IMCs using thin film and bulky mass [158, 
159]. Therefore, the migration of O towards the IMCs due to the oxidation reaction 
will lead to the movement of the oxide / void interface towards the IMCs, resulting in 
the growth of void and thickening of the surrounding oxide walls. Furthermore, 
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Fig. 7.16 Illustration of evolution of voids and surrounding oxide layers in Au-Al bonds: (a) prior 
to annealing, the initial voids are surrounded by thin alumina layer (5-10 nm thick); (b) and (c) 
during annealing, crystalline Au nanoparticles emerge in alumina, and the thickness of the oxide 
layer, D , has increased. 
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Sritharan et al. [159] reported that the oxidation rate constant of Au4Al was the largest 
among the Au-Al IMCs, so Au4Al has the greatest tendency to be oxidized during 
annealing. This explains why the voids are always located near or inside Au4Al rather 
than other intermetallic phases. 
The oxidation of IMCs and volumetric shrinkage may apply to the nucleation 
and initial growth of voids/cavities. For the formation of very large cavities up to 10 
µm, such as the ones across the entire layers of IMCs (Fig. 7.3e’’’), the loss of Au in 
bonds due to its further reaction with Al in the areas beyond the perimeter of the 
bonds may play an important role, which is evident due to the huge amount of IMCs 
formed outside the bonds (Fig. 7.3e). 
 
7.3.3 Metal diffusion 
IMC formation in a binary system is a process involving mutual diffusion of both 
elements across the layered structures. However, it is usually considered that the 
growth of such compounds is governed by the migration of only one species, provided 
its diffusivity is much higher than the other one. Diffusion usually takes place more 
rapidly in the metal of lower melting point mT , so Au ( mT  = 1063 ºC) diffuses in Al 
( mT  = 660 ºC) more quickly than Al does in Au. Au and Al have same lattice structure 
and similar atomic size (Table 7.4), so they are expected to diffuse in the IMCs at a 
similar rate. However, in this study, it was found that pure Al is sometimes located 
inside AuAl2 (Fig. 7.3a), indicating that the Au atoms can quickly diffuse through 
IMCs and react with Al, resulting in the un-reacted Al left behind the newly formed 
Al-rich alloys. This implies that the diffusivity of Au is much higher than that of Al in 
the same IMCs. In addition, it was found that the alumina line moves towards the Au 
ball during annealing, indicating that the metal migration flux is from Au to Al, which 
is in agreement with a previous study by Xu et al. [103] through tracking movements 
of oxygen in the interface in Au-Al thin film couples using secondary ion mass 
spectrometry (SIMS) depth profiling. Since IMCs are polycrystalline and contain a 
high density of defects, i.e. grain boundaries and vacancies within the grains, it is 
believed that gold atoms diffuse through these defects sites. Interstitial diffusion of Au 
into Al is not likely to occur due to their similar atomic radii. 
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Table 7.4 Properties of gold and aluminium 
Properties Crystal structure Lattice constant,Å  
Atomic radius, 
nm 
Atomic packing 
factor 
Au FCC 4.079 0.144 0.74 
Al FCC 4.049 0.143 0.74 
 
7.3.4 Growth kinetics of IMCs in Au-Al bonds 
Growth of IMCs at a solid-state interface is the net effect of several interrelated 
phenomena, including grain-boundary diffusion, volume diffusion through the IMC 
layers, and phase transformation. All these are important in determining and 
controlling the growth kinetics of the IMC layers. The relationship between annealing 
time and IMC thickness can be represented by an empirical power law, 
nDtxx
1
0 )(=− ,         (7.3) 
Where x  is the average thickness at annealing time t , 0x  ≈ 200 nm the thickness of 
initial IMCs ( t =0), D  the growth rate constant, and n  the time index. 
The growth rate constant of IMCs varies between different types of Au-Al 
IMCs; it is also influenced by the neighbouring phases, which supply additional Au 
and/or Al for continued compound formation. However, it is extremely difficult to 
measure the thickness of each individual IMC layer as they intertwine with each other 
(Figs. 7.1-7.3). Therefore, the overall IMC thickness and growth rate constant were 
introduced in this study. Fig. 7.17 shows the thickness of Au-Al IMCs for the samples 
annealed for various durations at 175ºC, 200ºC and 250ºC. By fitting of these 
experimental data (Fig. 7.17), the growth rate constant D , and the time index n , can 
be obtained and are listed in Table 7.5. 
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Fig. 7.17 Increase of Au-Al IMC thickness with different annealing times and temperatures. 
 
Table 7.5 Kinetics parameters for the growth of IMCs in Au-Al bonds during annealing at different 
temperatures. 
Temperature, ºC D , m n /s n  1/ n  
175 2.11×10-24 3.33 0.30 
200 6.94×10-29  3.85 0.26 
250 2.14×10-31 4.76 0.21 
 
The growth kinetic parameters obtained suggest that the IMC thickness has an 
approximately 3.02.0 −t  dependence at the range of annealing temperature of 175-250ºC. 
However, previous studies using Au-Al bulk couples [42] and thin film couples [102, 
103] showed that the growth of Au-Al IMCs was a diffusion-controlled process and 
the overall increase of IMC thickness has a linear relation with the square root of the 
annealing time ( 5.0t ). In the current study for Au-Al bonds, Au-Al IMCs grow more 
rapidly at the early stage of annealing, but slow down after the Al pad is depleted. 
Taking the data of 0 h and 1 h annealing in Fig.7.17, the linear fittings using the 
square root of annealing time are given in Fig. 7.18. From this, one can see the data 
from 175ºC can produce the best fit extended to the annealed within 9 h, while at 
200ºC and 250ºC, the IMC thicknesses can only fit the data for first 2 h. The longer 
the annealing time, the larger the difference between the fitting curve and the 
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experimental data. This means that IMC growth in this current Au-Al system is 
controlled by diffusion only at the very beginning of the annealing, and the higher the 
annealing temperature, the shorter the duration of the diffusion-controlled process. 
This is typically associated with a very thin layer of the Al pad to react with the gold 
ball at a fast rate. IMC phase transformation takes place after the Al pad is depleted, 
so the growth rate of IMCs significantly reduces, which obeys the 3.02.0 −t  growth law 
rather than 5.0t  behaviour.  The result is new, and has not been reported before 
experimentally or theoretically. However,  in Au-Al bulk couples or thin film couples 
as reported, the 5.0t  thickness-time relationship reflects the growth nature due to the 
sufficient supply of both elements. 
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Fig. 7.18 Overall Au-Al IMC thickness vs. square root of annealing time. The linear fitting curves 
were derived from the experimental data of the samples annealed for 0 h and 1 h. 
 
7.4 Summary 
The interfacial microstructural evolution in Au-Al bonds during thermal annealing at 
170ºC, 200ºC and 250ºC were investigated, and the main findings are summarised as 
follows. 
(1) IMCs that have been initially formed from the ball bonding process can grow 
due to thermal annealing, with different types of IMCs emerging at different 
stages of annealing. At the early stage, Au8Al3 was found as a third layer 
between Au4Al and AuAl2, and gradually grew to become the dominant phase. 
After Al pad was completely consumed, AuAu2 started to be transformed into 
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Au8Al3 and gradually disappeared. In the meantime, Au8Al3 was converted into 
Au4Al owing to the continuous supply of Au. In the end, Au4Al became a sole 
final phase that can be observed between Au and SiO2. 
(2) The discontinuous remnant alumina line, which initially existed at the Au4Al / 
AuAl2 interface prior to annealing, was found at the Au8Al3 / Au4Al interface 
when Au8Al3 emerged, and migrated towards the Au ball as a result of the 
growth of Au8Al3. With extended annealing, this alumina line remained inside 
the Au4Al. 
(3) Voids grew significantly during annealing due to various reasons including 
possibly the oxidation of IMCs and volumetric shrinkage resulted from the 
growth of Au8Al3 and Au4Al, but not the Kirkendall effect. Large cavities were 
observed after prolonged annealing, which may be attributed to the outward 
diffusion of Au to react with Al in the area beyond the perimeter of the bonds. 
(4) Au diffuses much more quickly than Al in the IMCs, so the growth of IMCs is 
mainly dependent on the transportation of Au atoms through the course of 
annealing processes. 
(5) IMC growth in the Au-Al bonds was only controlled by diffusion at the very 
beginning of  annealing. The higher the annealing temperature, the shorter the 
duration of the diffusion-controlled process. This reflects the very thin layer of  
Al pad used in ball bonding, thereby insufficient supply of Al throughout the 
course of annealing. But the sufficient gold supply can enable the further 
reaction between IMCs and Au, therefore, a 3.02.0 −t  thickness-time relationship 
can best describe the growth of IMCs after the Al pad was depleted entirely. 
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CHAPTER 8 
 
Cu-Al Interfacial Evolution During Thermal Annealing 
 
 
 
8.1 Introduction 
In gold ball bonding, a discontinuous Au-Al IMCs layer was observed in the as- 
bonded state, at a typical thickness of 150-300 nm as described in Chapter 5. Such 
initial Au-Al IMCs grow quickly during thermal annealing as a result of thermally 
activated reactive diffusion (Chapter 7). It was also identified that growth of Au-Al 
IMCs is also accompanied by the drastic growth of voids, which may induce potential 
mechanical and electrical failure of bonds. In copper ball bonding, the Cu-Al as-
bonded interface also consists of two types of regions: (i) a uniform and compact 
native alumina layer in contact directly with Cu, and (ii) regions containing CuAl2 
IMC particles which are 15-40 nm thick, depending on the bonding parameters 
(Chapter 6). The initial Cu-Al IMCs are also expected to grow under the service 
condition, thereby affect the reliability of bonds. According to the binary phase 
diagram of the Cu-Al system [116], five IMCs, i.e. CuAl2 (θ phase), CuAl (η2 phase), 
Cu4Al3 (ζ2 phase), Cu3Al2 (δ phase) and Cu9Al4 (γ2 phase), can exist at temperatures 
below 300ºC. 
In this chapter, interfacial evolution of Cu-Al bonds are investigated due to 
thermal annealing in the temperature range of 175ºC-250ºC, especially considering 
the intermetallic phase transformation, change of the alumina film, and growth of 
voids. In addition, the structure and composition of IMCs are identified by SAED, 
FFT and STEM-EDX. The growth kinetics of Cu-Al IMCs will be discussed, as 
function of  the annealing temperature and time. The morphology and its evolution of 
IMCs and the interfacial characteristics of Cu-Al bonds are also studied in comparison 
with those of Au-Al bonds. 
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8.2 Results of interfacial evolution in Cu-Al bonds 
8.2.1 Morphology of Cu-Al IMCs 
Thermal annealing resulted in growth of IMCs in Cu-Al bonds, which led to the 
morphology changes and thickness increase of Cu-Al IMCs. Figures. 8.1 (a, a’) - (e, 
e’) present the cross-sectional SEM images of Cu-Al bonds after annealing at 175ºC 
for up to 100 h. Although the thickness of Cu-Al IMCs increased, a relatively low 
growth rate was expected as annealing continued. Very small amount of  Cu-Al IMCs 
were observed at the interface after 1 h (as seen in Figs. 8.1a and a’). Two layers of 
IMCs were then seen after 25 h of annealing (Fig. 8.1c’). Their thickness reached ~0.6 
μm after annealing for 100 h (Figs. 8.1d and d’), when the aluminium pad was almost 
completely consumed. 
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Fig. 8.1 Cross-sectional SEM of Cu-Al bonds after annealing at 175°C for: (a, a’)1 h; (b, b’) 5 h; 
(c, c’) 25 h; (d, d’) 49 h; and (e, e) 100 h. Figs. a’, b’, c’, d’ and e’ are the magnified images of the 
indicated regions in a, b, c, d and e, respectively. *A layer of Pt was deposited in order to obtain a 
cleaner cross section by FIB. 
 
When annealed at 200ºC (Figs. 8.2 (a, a’) - (d, d’)), IMCs grew much faster 
than those at 175ºC. Evidently, two layers of IMCs have appeared after 9 h of 
annealing. The Al pad was consumed due to its reaction with copper, and almost 
disappeared at the centre and the periphery of the contact area after 25 h (Figs. 8.2c 
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and c’). The overall IMC thickness reached ~0.8 μm after annealing for 100 h when 
the Al pad was completely depleted (Figs. 8.2d and d’). 
 
 
Fig. 8.2 Cross-sectional SEM of Cu-Al bonds after annealing at 200°C for: (a, a’) 1 h; (b, b’) 9 h; 
(c, c’) 25 h; and (d, d’) 100 h. Figs. a’, b’, c’ and d’ are the magnified images of the indicated 
regions in a, b, c and d, respectively. 
 
The morphological evolution that occurred during thermal annealing at 250ºC 
are shown in Figs. 8.3 (a, a’) - (d, d’). The IMCs became obvious at the Cu/Al 
interface even after only 1 h of annealing (Figs. 8.3a and a’), and kept growing at a 
fast rate as annealing continued. The overall IMC thickness was ~1.6 μm after 
annealing for 100 h (Figs. 8.3d and d’). 
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Fig. 8.3 Cross-sectional SEM of Cu-Al bonds after annealing at 250°C for (a, a’)1 h; (b, b’) 25 h; 
(c, c’) 49 h; and (d, d’) 100 h. Figs. a’, b’, c’ and d’ are the magnified images of the indicated 
regions in a, b, c and d, respectively. 
 
In comparison with Au-Al system, the IMC growth rate in Cu-Al bonds was 
much smaller, as such the Cu-Al IMC was much thinner than that of Au-Al IMCs at 
the same annealing time and temperature. For example, after annealing at 250°C for 
100 h, the thickness of Cu-Al IMCs was ~1.6 μm, while Au-Al IMCs had already 
reached ~6 μm. Consequently, the Al pad was consumed at a much slower rate in Cu-
Al bonds than in Au-Al bonds. For instance, a small amount of Al still remained in 
Cu-Al bonds after annealing for 100 h at 175°C (Fig. 8.1e’), but the Al pad in Au-Al 
bonds had been entirely depleted within 25 h at 175°C (Fig. 7.1d’). 
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In Au-Al bonds (Chapter 7), a void-line was formed at the early stage of 
annealing and grew rapidly, resulting in large cavities up to 10 μm across the entire 
IMC layers after annealing at 250°C for 100 h. In Cu-Al bonds, however, only a few 
voids were observed after the extended annealing, and these voids (usually tens of 
nanometres in diameter) were much smaller than those observed in Au-Al bonds. 
 
8.2.2 Intermetallic phase transformation 
As noted in Chapter 6, discontinuous IMC particles were formed in Cu-Al bonds from 
the bonding process. They were approximately 15-40 nm thick and identified as 
CuAl2. At the interfacial regions where IMCs were absent, a uniform alumina layer 
was found between the Cu ball and the Al pad (Figs. 6.4 and 6.5). After annealed at 
175ºC for 1 h, the Cu/Al interface still consisted of two types of interconnections: 
with and without IMCs (Fig. 8.4). The IMC particles were approximately 50-80 nm 
thick, as shown in Fig. 8.5a. This is a higher magnification image taken from region A 
in Fig. 8.4. STEM-EDX was performed and its results showed that the IMC was an 
aluminium-rich alloy (see EDX results in Table 8.1). A lattice image of the alloy (Fig. 
8.5b) was collected from region A-A in Fig. 8.5a, and by FFT analysis this was found 
to has a crystal structure of CuAl2 [001] (Fm-3m, a = 5.9988 Å) [145], with a good 
agreement to the EDX results. 
 
 
Fig. 8.4 TEM image of interfacial morphologies of the Cu-Al bond after annealing at 175ºC for 1 
h. 
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Fig. 8.5 (a) Details of region A in Fig. 8.4 showing 50-80 nm thick IMC particles between the Cu 
ball and the Al pad after annealing at 175ºC for 1 h; (b) lattice image and Fourier reconstructed 
pattern of region A-A in (a) with CuAl2 [001]. 
 
 
 
 
 
Chapter 8 Cu-Al Interfacial Evolution During Thermal Annealing 
 142
Table 8.1 STEM-EDX results for regions 1 - 5 in Fig. 8.5a. 
Regions O K at.% Al K at.% Cu K at.% 
1 5 94 1 
2 10 61 29 
3 14 58 28 
4 9 5 86 
5 5 0 95 
 
A bi-layer of IMCs (200-300 nm thick) was formed after annealing at 175ºC 
for 25 h (Fig. 8.6a, Table 8.2). In the region close to the Al pad, an aluminium-rich 
alloy IMC-1 was found, while a copper-rich alloy IMC-2 was present near the Cu Ball. 
In order to identify the phases, two locations with ordered atomic arrays were selected 
to collect the lattice images as shown in Figs. 8.6b and c. FFT analysis confirmed they 
are CuAl2 (Fm-3m, a = 5.9988 Å) [145] for IMC-1 and Cu9Al4 (P4-3m, a = 8.7068 Å) 
[122] for IMC-2. In addition, the amorphous remnant alumina were found to exist 
randomly between the CuAl2 layer and Cu9Al4 layer (Fig. 8.6c), as a discontinuous 
line. 
Although the Cu-Al interface after 25 h of annealing at 175ºC consisted of 
almost continuous layers of IMCs, there were still some regions without IMCs, and an 
example is given in Fig. 8.7a. To know the details, a HRTEM image (shown in Fig. 
8.7b) was obtained from such a region, i.e. A-C in Fig. 8.7a. Accordingly, the 
aluminium was directly connected with the copper, and no intermediate IMC layer 
under the resolution of less than 1 nm can be seen between them. This indicates the 
difficult nucleation of Cu-Al IMCs during annealing even when Cu and Al are in 
direct contact. Thus, the growth of Cu-Al IMCs during annealing is likely to initiate at 
the initial IMC particles formed during the bonding process. 
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Fig. 8. 6 (a) A typical TEM image of the Cu-Al interface after annealing at 175ºC for 25 h; (b) 
lattice image and Fourier reconstructed pattern of region A-A in (a) with CuAl2 [100]; (c) lattice 
image and Fourier reconstructed pattern of region A-B in (a) with Cu9Al4 [101]. 
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Table 8.2 STEM-EDX results for regions 1 - 5 in Fig. 8.6a. 
Regions O K at.% Al K at.% Cu K at.% 
1 5 95 0 
2 9 60 31 
3 10 58 32 
4 8 28 62 
5 6 1 93 
 
 
Fig. 8.7 (a) TEM image of the Cu-Al interface after annealing at 175ºC for 25 h; (b) details of 
region A-C in (a). 
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Fig. 8.8a is a typical TEM of the Cu-Al interface annealed at 175ºC for 49 h 
showing an increase in thickness of the IMCs layers, i.e. CuAl2 and Cu9Al4, while the 
Table 8.3 gives the STEM-EDX results obtained from region 1-5. In addition, EDX 
line scanning across these regions revealed the very thin alumina line located between 
the layers of CuAl2 and Cu9Al4, since a peak of O intensity was found in the EDX 
profile (Fig. 8.8b). 
 
Fig. 8.8 (a) A typical TEM image of the Cu-Al interface after annealing at 175ºC for 49 h; (b) 
EDX line scanning results along the line in (a). 
Table 8.3 STEM-EDX results for regions 1 - 5 in Fig. 8.8a. 
Regions O K at.% Al K at.% Cu K at.% 
1 7 93 0 
2 5 59 36 
3 6 57 37 
4 5 27 68 
5 7 0 93 
 
As annealing progressed further, the CuAl2 and Cu9Al4 layers continued to 
grow simultaneously until the Al pad was depleted, as seen in Fig. 8.9a after 
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annealing at 175ºC for 100 h. The STEM-EDX results (Table 8.4) and the SEAD 
(Figs. 8.9 b and c) confirmed that the two layers, IMC-1 and IMC-2, are consistent 
with CuAl2 and Cu9Al4, respectively. However, further phase transformation is 
expected if the annealing duration is sufficiently long or at a higher annealing 
temperature. 
 
Fig. 8.9 (a) TEM image of the Cu-Al interface after annealing at 175ºC for 100 h; (b) SAED with 
CuAl2; (c) SAED with Cu9Al4. 
Table 8.4 STEM-EDX results for regions 1 - 6 in Fig. 8.9a. 
Regions O K at.% Al K at.% Cu K at.% 
1 9 89 2 
2 8 61 31 
3 10 58 32 
4 10 56 34 
5 15 25 60 
6 4 1 95 
 
Similarly, thermal annealing at 250°C also resulted in the growth of the IMCs 
at the interface of Cu-Al bonds. Expectedly, the accelerated growth of IMCs in 
comparison with that at 175°C was observed. Figs. 8.10a and b show the layers of 
CuAl2 and Cu9Al4 after 1 h of annealing at 250°C, whose compositions were 
estimated by STEM-EDX (Table 8.5). EDX line scanning (Fig. 8.10c) also provided 
the overall distribution of Cu, Al and O across the regions from the Cu ball to Al pad, 
which also include two IMC layers of CuAl2 and Cu9Al4. A slight decrease in the 
intensity of all elements between the CuAl2 and Cu9Al4 layers is probably due to 
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presence of a nano-size void. (X-ray signal was still detectable in the regions 
containing voids, since the latter was usually up to tens of nanometres in diameter and 
therefore unlikely to penetrate through the entire TEM foil (~100 nm)). The remnant 
alumina line was also found between CuAl2 and Cu9Al4 layers, where the voids 
potentially populated and grew during annealing. 
 
Fig. 8.10 (a) TEM image of the Cu-Al interface after annealing at 250ºC for 1 h; (b) higher 
magnification of region A in (a); (c) EDX line scanning results along the line in (b). 
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Table 8.5 STEM-EDX results for regions 1 - 6 in Fig. 8.10b. 
Regions O K at.% Al K at.% Cu K at.% 
1 8 91 1 
2 10 61 29 
3 12 56 32 
4 12 59 29 
5 9 26 65 
6 2 1 97 
 
Further annealing led to the continuous growth of the both CuAl2 and Cu9Al4 
layers until the Al pad was completely consumed through interdiffusion reactions. 
After that, Cu9Al4 continued to grow by consuming CuAl2. As shown in Fig. 8.11, 
after annealed at 250ºC for 25 h, some CuAl2 had partially been transformed into 
Cu9Al4 at the CuAl2/Cu9Al4 interface, which resulted in the growth of the Cu9Al4 
across the alumina line. The STEM-EDX analysis (Table 8.6) provided the 
compositions at the points shown in Fig. 8.11. This has confirmed that the locations 
No. 3 and No. 4 had the same Cu atomic ratio of Cu9Al4. 
 
 
Fig. 8.11 TEM image of the Cu-Al interface after annealing at 250ºC for 25 h showing the growth 
of Cu9Al4 across the alumina line by consuming CuAl2. 
 
 
 
 
Chapter 8 Cu-Al Interfacial Evolution During Thermal Annealing 
 149
Table 8.6 STEM-EDX results for regions 1 - 7 in Fig. 8.11. 
Regions O K at.% Al K at.% Cu K at.% 
1 8 59 33 
2 10 58 32 
3 4 29 67 
4 6 26 68 
5 6 29 65 
6 6 28 66 
7 2 1 97 
 
Entire CuAl2 has been found to be converted into Cu9Al4 after annealing at 
250ºC for 100 h (Fig. 8.12). Line scanning EDX analysis was conducted across the 
two layers of Cu-Al IMCs at the interface, and the results are given in Fig. 8.12d. 
Therefore, no changes in composition between the two layers of IMCs can be 
observed, which suggests there was only one type of IMC between the Cu ball and the 
bond pad. The decrease of intensity of all elements at the interface between two layers 
of IMCs was due to the presence of the voids. In addition, SEAD (Figs. 8.12b and c) 
confirmed that Cu9Al4 (P4-3m, a = 0.870 nm) was the phase for both IMC layers. 
Chapter 8 Cu-Al Interfacial Evolution During Thermal Annealing 
 150
 
Fig. 8.12 (a) TEM image of the Cu-Al interface after annealing at 250ºC for 100 h; (b) SAED with 
Cu9Al4 [102]; (c) SAED with Cu9Al4 [001]; (d) line scanning EDX results along the line in (a). 
 
8.2.3 Nucleation and growth of voids 
The presence of voids in wire bonds is detrimental to the bond reliability. In Au-Al 
bonds, some voids were formed during bonding (Chapter 5). More seriously, severe 
growth of the voids was observed in Au-Al bonds under thermal annealing, as 
reported in Chapter 7. Fortunately, voids were almost invisible in Cu-Al bonds prior 
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to annealing (Chapter 6). During thermal annealing, only a few voids nucleated after a 
long time of annealing at high temperature (e.g. 250ºC for 25 h, Fig. 8.13), and they 
were usually tens of nanometres in diameter only. The voids tended to be situated 
along the alumina line, as shown in Fig. 8.13. Similar to Au-Al systems, the void is 
again located at the centre of the alumina debris. The growth mechanism of voids in 
Cu-Al bonds will be discussed in a later section. 
 
 
Fig. 8.13 TEM image of the Cu-Al interface after annealing at 250ºC for 25 h showing a 
discontinuous alumina line between CuAl2 and Cu9Al4, and a void in the centre of the alumina 
debris. 
 
The voids kept growing at a slow growth rate when annealing continued. They 
were less than 100 nm even after annealing at 250ºC for 100 h (Fig. 8.14). These 
voids co-existed with the remnant alumina line between two layers of Cu9Al4. 
Detailed observation of such voids (Fig. 7.14b) found that they were surrounded by 
alumina, as also observed in Au-Al bonds. However, the prolonged annealing resulted 
in very large volume voids in Au-Al bonds. For example, annealing at 250ºC for 100 
h led to the formation of cavities up to 10 µm in size. Another diversity is that the 
surrounded oxide layer in Au-Al bonds grew and reached approximately 50 nm after 
annealing at 250ºC for 100 h, however, the oxide layer in Cu-Al bonds remained 5-10 
nm thick. 
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Fig. 8.14 (a) TEM image of the Cu-Al interface after annealing at 250ºC for 100 h showing the 
voids along the discontinuous alumina line; (b) higher magnification TEM image of region A in (a) 
showing that the voids were surrounded by alumina. 
 
8.3 Discussion 
8.3.1 Microstructural evolution and phase transformation 
The evolution of microstructure of Cu-Al bonds as a function of annealing time is 
schematically presented in Fig. 8.15. As noted in Chapter 6, IMC particles are formed 
during bonding preferentially at the centre and the periphery of the bond area (Fig. 
8.15a), and they grow with thermal annealing. However, only the initial IMCs grow 
(Figs. 8.15b and c), so they almost remained discontinuous within a long period of 
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annealing, e.g. 49 h at 175ºC or 25 h at 200ºC. This leads to an assumption that the 
activation energy for IMC nucleation can only be attained during the bonding process, 
while the nucleation of Cu-Al IMCs during annealing at temperature range 175ºC ~ 
250ºC is unlikely. Thus, the growth of Cu-Al IMCs due to annealing is strongly 
dependent on the growth of the initially formed IMC particles. A uniform layer of 
IMCs can only be obtained when the Al in the contact area is completely consumed 
after extended annealing (Fig. 8.15d). 
 
 
Fig. 8.15 Schematic illustration of the evolution of IMC morphology as a function of annealing 
time: (a) initial IMC particles are mainly located in the centre and at the periphery of bonds; (b, c) 
IMCs grow based on the initially IMC particles during annealing; (d) a uniform layer of IMCs can 
only be obtained when the Al pad is completely consumed after an extended annealing. 
 
According to the Cu-Al phase diagram [116], at least five stable intermetallic 
phases can exist. The sequence of phases that are formed in Cu-Al bonds during 
annealing can be depicted by Fig. 8.16, where the annealing time increases from the 
top to the bottom. The IMC formed during bonding is CuAl2 (Chapter 6) (Fig. 8.16a). 
At the early stage of thermal annealing, Cu9Al4 appears between CuAl2 and the 
copper ball (Fig. 8.16b). CuAl2 and Cu9Al4 grow simultaneously, but CuAl2 is the 
dominant phase until the Al pad is depleted (Fig. 8.16c). After that, CuAl2 starts to be 
transformed into Cu9Al4 due to the sufficient supply of Cu, i.e. Cu9Al4 grows by 
consuming CuAl2 and crosses the alumina line (Fig. 8.16d). Eventually, Cu9Al4 
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becomes the final IMCs between Cu and SiO2 (Fig. 8.16e). In addition, a few voids 
nucleate and grow slowly along the alumina line during the conversion of CuAl2 into 
Cu9Al4. 
Thermodynamics dictates the compound that may be formed first. CuAl2 was 
formed during bonding since it has a relatively low effective heat of formation among 
all the IMCs (CuAl2 -6.1 kJ/mol, CuAl -5.1 kJ/mol and Cu9Al4 -4.1 kJ/mol), as 
detailed in Chapter 6.  CuAl has a lower effective heat of formation than that of 
Cu9Al4, so one may expect the next phase to emerge should be CuAl rather than 
Cu9Al4. However, it was found in this study that Cu9Al4 was formed prior to CuAl. 
This indicates that thermodynamics is not the sole factor that can govern the phase 
formation, so kinetics is expected to play an important role in the IMC growth during 
thermal annealing. If Cu9Al4 has a higher diffusivity in comparison with AuAl, 
Cu9Al4 can grow much faster which suppresses the growth of CuAl, as observed. This 
is agreed with the theory of ‘fast is the first’ [134]. The result is also in agreement 
with various previous studies dealing with thin film couples where simultaneous 
growth of CuAl2 and Cu9Al4 was reported [127-130], though co-existence of CuAl 
has also been observed [131]. 
 
The intermetallic phase transformation was seen to be accompanied by the 
migration of the remnant alumina line. Prior to bonding, there is a uniform native 
alumina thin film on the Al pad, which is partially disrupted by the ultrasonic 
vibration in the ball bonding process, and the remnant alumina line was found at the 
interface between Cu and CuAl2 (or Al) (Fig. 8.16a). This alumina line remained 
during annealing, but was observed between the layers of CuAl2 and Cu9Al4 (Figs. 
8.16b and c). When IMC CuAl2 has been fully transformed into Cu9Al4 after the Al 
pad is depleted, the remnant alumina line is buried inside Cu9Al4, dividing it into two 
separate individual layers but with the same IMC Cu9Al4. 
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Fig. 8.16 Illustration of phase transformation in Cu-Al bonds during thermal annealing: (a) CuAl2 
is initially formed during the bonding process; (b) Cu9Al4 is formed at the early stage of annealing; 
(c) both CuAl2 and Cu9Al4 simultaneously grow until the Al pad is competed; (d) Cu9Al4 keeps 
growing by consuming CuAl2; (e) Cu9Al4 becomes the only final IMC after prolonged annealing. 
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8.3.2 Metal diffusion 
On the assumption that diffusion usually takes place more rapidly in the metal with 
lower melting point, Cu ( mT  = 1083ºC) diffuses more quickly in Al ( mT  = 660ºC). 
Therefore, the initial formation of CuAl2 relies on the diffusion of Cu into the Al. 
However, once an initial layer of CuAl2 is formed, the IMC growth is dependent upon 
the diffusion of Cu and Al through the IMC layer. As illustrated in Fig. 8.17, there are 
two interfaces existing, i.e. CuAl2/Al and Cu (or Cu9Al4)/CuAl2, at which CuAl2 
grows by diffusion of Cu and Al, respectively. In principle, the growth rate of the 
intermetallic layer, D , can vary at each interface, depending on the diffusion rate of 
each element in the IMC lattice. In this study, CuAl2 was found to grow towards the 
Al pad opposite to the Cu ball, i.e. the CuAl2/Al interface moved towards the Al pad, 
as evidenced by the morphology of the grains in the CuAl2 layer (Figs. 8.8a and 
8.10a). In addition, the alumina line gradually migrated towards the Cu ball during the 
interdiffusion reaction. For example, the distance between the alumina line and SiO2 
was ~500nm prior to annealing; this reached ~600 nm after annealing for 1 h at 250ºC, 
and ~850 nm after 100 h. The direction of migration of the alumina line indicates that 
the metal flux flows from the Cu ball to the Al pad. Thus, the growth of CuAl2 is 
controlled by the diffusion of Cu in the IMC layer to react with Al at the CuAl2/Al 
interface, which is similar to the one found in Au-Al bonds where the growth of Au-
Al IMCs is dominated by the diffusion of Al atoms. 
 
 
Fig. 8.17 Schematics of growth of  CuAl2 IMC layer at the interface 1 by diffusion of Al, and at 
the interface 2 by diffusion of Cu. 
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8.3.3 Growth kinetics of IMCs in Cu-Al bonds  
The thickness of layers of CuAl2, Cu9Al4 and total IMCs (CuAl2 + Cu9Al4), as a 
function of annealing time and temperature is given in Figs. 8.18a-c. From this, the 
IMC thickness is proportional to the square root of annealing time at any fixed 
annealing temperature, except the data for annealing for 100 h at 200ºC and after 
annealing for 25 h or longer at 250ºC, which is due to the complete consumption of 
the Al pad. The linear relationship indicates that the IMC growth in Cu-Al bonds is a 
diffusion-controlled process. This kinetic relationship can be described by equation 
(7.3) where n = 2. The growth rate constant, D , at a particular temperature can be 
calculated by the slope of the line, and listed in Table 8.7. The growth rate of CuAl2 is 
much faster than that of Cu9Al4 provided that both Cu and Al are available for 
reaction. In another word, this diffusion-controlled process can describe the IMCs 
growth for the annealing at 175ºC and 200ºC up to 64 h, and t at 250ºC up to 25 h, but 
the growth of Cu9Al4 was confined by that of CuAl2. However, after the Al pad was 
depleted, for example, annealing at 250ºC for 25 h, CuAl2 commenced to be dissolved 
and transformed into Cu9Al4, which has significantly accelerated the growth of 
Cu9Al4. 
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(c) 
Fig. 8.18 IMC growth in Cu-Al bonds under the different thermal annealing times and 
temperatures: (a) CuAl2, (b) Cu9Al4 (~917 nm at 49 h and ~1634 nm at 100 h); and (c) entire 
IMCs. 
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Table 8.7 Calculated growth rate constants of IMCs in Cu-Al bonds due to thermal annealing at 
the initial stage of diffusion-controlled process. 
Temperature, ºC IMC Growth rate constants, D , m2/s 
 CuAl2 3.60×10-19 
175 Cu9Al4 8.01×10-20 
 Overall 7.81×10-19 
 CuAl2 7.80×10-19 
200 Cu9Al4 2.10×10-19 
 Overall 1.86×10-18 
 CuAl2 3.67×10-18 
250 Cu9Al4 1.44×10-18 
 Overall 9.71×10-18 
 
According to the classic kinetic theory, the value of D  is characterized by the 
temperature and activation energy, and it can be given by the Arrhenius equation: 
)exp(0 RT
QDD −= ,         (8.1) 
where 0D  is a pre-exponential factor, Q  the activation energy for the reaction, R  the 
molar gas constant 8.314 J/(K·mol) and T  the absolute temperature. 
An Arrhenius plot, as shown in Fig. 8.19, can therefore be obtained from the 
data in Table 8.7. Then the Q  and 0D  can be calculated from the slope and y-
intercept of the ln K  - 1/T  curve, and they are listed in Table 8.8. The activation 
energy for the CuAl2, Cu9Al4 and overall IMC growth in a solid state reaction is 
estimated to be 60.66 kJ/mol, 75.61 KJ/mol and 65.83 KJ/mol, respectively. The 
lower Q  for CuAl2 indicates this IMC can be relatively easy to grow in Cu-Al bonds. 
As predicted in Fig. 8.19, the growth of Cu9Al4 will overtake CuAl2 at a temperature 
above 446ºC, but this is usually beyond the device operation temperature. Therefore, 
the growth of CuAl2 is usually faster than Cu9Al4 at an operation temperature of the 
wire bonds, and the lower the annealing temperature, the larger the difference in their 
growth rates. The pre-exponential coefficients which can also be calculated are 
4.14×10-12 m2/s, 4.90×10-11 m2/s and 3.53×10-11 m2/s for CuAl2, Cu9Al4 and overall 
IMCs (CuAl2 + Cu9Al4), respectively. The values of pre-exponential coefficients may 
vary a lot among the various studies [55, 126, 127, 129, 131], including this study, 
probably due to different purity of Cu and Al metals, different annealing temperatures 
and variation of precision of measurements of IMC thickness. 
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Fig. 8.19 Arrhenius plots  of CuAl2, Cu9Al4 and overall IMCs, from which RQ /∇  and 0ln D can 
be determined using the slope and y-intercept, respectively. 
 
Table 8.8 Activation energy (Q ) and pre-exponential factor ( 0D ) for IMC growth in Cu-Al bonds. 
IMC Q , kJ/mol 0D , m
2/s 
CuAl2 60.66 4.14×10-12 
Cu9Al4 75.61 4.90×10-11 
Overall 65.83 3.53×10-11 
 
The activation energy of IMCs in Cu-Al bonds has been estimated in this 
study, which is relatively lower compared to the values (72.0-153.4 kJ/mol) that were 
reported previously based on the bulk Cu/Al diffusion couples [61, 126], or thin film 
couples [127, 129, 131]. The lower activation energy generally indicates the 
formation of IMCs through short-circuit diffusion via structural defects such as grain 
boundaries and dislocations. As mentioned earlier, the atomic diffusion of Cu in the 
IMCs was the main process that governed the growth of IMCs during thermal 
annealing. In this process, one atom moves into an empty lattice position, and another 
atom moves into the empty position of the first. Therefore, the diffusion rate of one 
metal into another is dependent on the number of defects (e.g. vacancies, grain 
boundaries and dislocations) in the crystal lattice. The more defects, the faster the 
atomic diffusion. The thermosonic bonding process results in numerous lattice defects 
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for Cu-Al bonds, as reported in Chapter 6. Therefore, interdiffusion in Cu-Al bonds is 
more rapid than that in the bulk or thin film Cu/Al couples, and a lower activation 
energy of Cu-Al IMCs exists in Cu-Al bonds. 
  
8.3.4 Comparison of interfacial characteristics in Cu-Al and Au-Al bonds 
By comparing the values of D  in gold (Chapter 5) and copper bonding (Chapter 6), 
one can immediately realise that the growth rate of Cu-Al IMCs ( D  = 1.0×10-13 m2/s) 
is approximately 1/50 of that of Au-Al IMCs ( D  = 5.0 × 10-12 m2/s) during the 
bonding process. Also, the layer of Cu-Al IMCs resulted from bonding was 
approximately 15-40 nm thick, while layer of IMCs in Au-Al bonds was in a range of 
150-300 nm. During thermal annealing, the growth rate of Cu-Al IMCs remained 
much lower than that of Au-Al IMCs, which can be clearly observed by the 
comparison of IMC thickness during annealing at 175ºC, 200ºC and 250ºC, 
respectively, as shown in Figs. 8.20 a-c. 
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(c) 
Fig. 8.20 IMC thickness in Cu-Al and Au-Al bonds with annealing time at: (a) 175ºC; (b) 200ºC; 
and (c) 250ºC. 
 
In general, the variables that determine the reaction rate include the properties 
of reactant elements, their concentration, reacting temperature and pressure. During 
wire bonding the latter three variables were kept constant, thus, the growth rate of 
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IMCs strongly depends on the atomic properties of the elements (Al, Cu, Au). All 
three elements have a face-centred cubic lattice structure, as such their similar crystal 
structure should not hinder the movements of atoms, and a complete solid solubility is 
possible in both Cu-Al and Au-Al systems. However, the Hume-Rothery theory [160] 
reported that atomic size, electronegativity and valency electron number can 
determine the solubility of the atoms and the growth rate of IMCs. Mehl et al. [161] 
also reported that another two factors - cohesive energy and atomic number - may 
influence the formation of IMCs. 
The difference in atomic radii can cause the distortions of the crystal structure; 
the greater the difference in atomic size, the higher the barrier for interdiffusion. 
Accordingly, atomic misfit of the matrix containing these elements can be calculated 
from their radii, which is -0.7% for Au-Al and +10.5% for Cu-Al (Table 8.9). This 
explained why it is relatively easy for Au to diffuse in Al, but atomic movements 
between Al and Cu can be more difficult. 
 
Table 8.9 Properties of Au, Cu and Al elements 
Properties Au Cu Al 
Crystal structure FCC FCC FCC 
Atomic radii, nm 0.144 0.128 0.143 
Electronegativity 3.1 2.2 1.5 
Valence electron number 1 1 3 
Melting point, ºC 1084 1063 660 
Element group 11 (IB) 11 (IB) 13 (III) 
 
Electronegativity defines the chemical affinity of atoms. Since gold has a 
higher electronegativity value than copper, aluminium atoms have a higher affinity to 
dissolve into the gold matrix than the copper matrix. This larger difference in 
electronegativity implies a higher heat of formation (enthalpy). As calculated using 
the model of Pretorius et al., the effective heats of formation of Cu-Al IMCs (-6.1 
kJ/mol of CuAl2, -4.1 kJ/mol of Cu9Al4 and -5.1 kJ/mol of CuAl) are much lower than 
that of Au-Al IMCs (-18.5 kJ/mol of Au4Al, -10.2 kJ/mol of AuAl2 and -20.0 kJ/mol 
of Au8Al3). Thus, the low electronegativity of copper and corresponding small heat of 
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formation of Cu-Al IMCs may also be responsible for the low growth rate of Cu-Al 
IMCs. 
The trivalent aluminium atom has a similar effect on the monovalent copper or 
gold atom; therefore no significant effect of the valency factor should be taken into 
account. 
The melting point of the element is generally considered to define the effect of 
the cohesive energy factor. The melting point of the copper (1084ºC) is close to that 
of gold (1063ºC), indicating similar values of cohesive energy of Cu-Al and Au-Al 
bonds. The atomic numbers of Cu and Au according to periodic table commonly 
classify them in the same 11 (IB) group. Thus, neither cohesive energy nor atomic 
number should play a vital role in accounting for the big difference in the growth rates 
of Cu-Al and Au-Al IMCs. In summary, it is reasonable to assume that atomic radii 
and electronegativity factors explain the difference of growth rate between Au-Al and 
Cu-Al IMCs. 
 
Voids were observed along the alumina line in both Au-Al and Cu-Al bonds. 
However, the volume and amount of voids in these two kinds of bonds vary 
significantly. In Au-Al bonds, voids nucleate during bonding and grow drastically 
during annealing. In particular, large cavities up to 10 µm in diameter were found 
after prolonged annealing. In Cu-Al bonds, however, voids are not detectable in the 
as-bonded state and only a few voids nucleate after a long time of annealing at a high 
temperature, e.g. 250ºC for 25 h, and they are usually tens of nanometres in diameter 
only. The much slower growth of voids makes Cu-Al bonds more reliable than Au-Al 
bonds. 
Volumetric shrinkage during the growth Au-Al IMCs is a factor that should be 
responsible for the severe growth of voids in Au-Al bonds, as discussed in Chapter 7. 
The volume of the unit cell, cV , and molar volumes, mV , of the Cu-Al intermetallic 
phases were calculated using equation 7.1 and are given in Table 8.10. Accordingly, 
volume changes associated with the intermetallic growth and phase transformation 
across Cu-Al bonds were estimated and are shown in Table 8.11. The volume remains 
almost the same during the formation of CuAl2, which agree with the results in this 
study that voids were not seen at the early state of annealing when CuAl2 is the 
dominant phase before the Al pad is depleted. The formation of Cu9Al4 results in 
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slight volumetric shrinkage, so a few voids can nucleate and grow during the extended 
annealing when the transformation of CuAl2 into Cu9Al4 occurs. However, this 
volumetric shrinkage is less than <5%, therefore the voids formed in Cu-Al bonds are 
small, usually tens of nanometres in diameter. 
 
Table 8.10 Calculated molar volumes of main Cu-Al IMCs. 
Phase Compound symmetry 
Space 
group 
Unit cell 
volume, cV
(Å3)* 
Number of 
formula weights 
per unit cell 
Molar 
volume, mV  
(cm3/mol) 
Structure
Reference
Cu FCC Fm-3m 47.24 4 7.11 [110] 
Al FCC Fm-3m 66.41 4 10.00 [108] 
CuAl2 tetragonal I4/mcm 179.52 4 27.03 [117, 118]
  P4/mmm 44.06 1 26.53 [117, 118]
CuAl monoclinic C12/m1 280.62 10 16.90 [119] 
  I12/m1 280.63 10 16.90 [119] 
Cu4Al3 orthorhombic Imm2 287.49 1 173.13 [120] 
Cu9Al4 cubic P4-3m 660.05 4 99.37 [122] 
* Cubic 3aVc = ; tetragonal caVc 2= ; orthorhombic abcVc = ; monoclinic βsinabcVc = . 
 
Table 8.11 Volume changes associated with intermetallic formation and phase transformation in 
Cu-Al bonds. 
Reaction Volume change, % 
Cu+2Al=>CuAl2 -0.3 
9Cu+4Al=>Cu9Al4 -4.4 
2CuAl2+7Cu=>Cu9Al4 -4.3 
 
The oxidation of Au-Al IMCs can be another reason for drastic growth of 
voids in Au-Al bonds, but unfortunately, very little is known about the oxidation 
kinetics of Cu-Al IMCs. However, it was found in this study that the voids in Cu-Al 
bonds were surrounded by the oxide layer, which was estimated about 5-10 nm thick, 
in comparison with the one in Au-Al bonds which grew and reached approximately 50 
nm after annealing at 250ºC for 100 h. This leads to the assumption that the oxidation 
of Cu-Al IMCs may be more difficult than that of Au-Al IMCs. 
It is noteworthy that formation of the large cavities in Au-Al bond after 
extended annealing may also be attributed to the significant outward diffusion of Au 
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to react with Al in the area beyond the perimeter of bonds, as evidenced by the large 
amount of Au-Al IMCs outside the bonds. However, the growth of Cu-Al IMCs was 
much slower than that of Au-Al IMCs, and almost no Cu-Al IMCs beyond the bond 
edge were seen after extended annealing, so the loss of the Cu in Cu-Al bonds can be 
much less than the Au in Au-Al bonds. 
 
8.4 Summary 
The interfacial evolution in Cu-Al bonds during thermal annealing at 170ºC, 200ºC 
and 250ºC was investigated and compared to that in Au-Al bonds. The main findings 
can be summarised as follows: 
(1) The growth of IMCs in Cu-Al bonds during annealing is strongly dependent on 
the growth of the initially formed IMC particles, while the nucleation during 
annealing is rather difficult. 
(2) IMC phases change with annealing conditions. Cu9Al4 appeared between the 
initial CuAl2 and the copper ball at the early stage of annealing. CuAl2 and 
Cu9Al4 grew simultaneously, and CuAl2 was the dominant phase until the Al 
pad was depleted. Afterwards, CuAl2 started to transform into Cu9Al4 due to the 
sufficient supply of Cu, i.e. Cu9Al4 kept growing by consuming CuAl2 over the 
alumina line. Eventually, Cu9Al4 became the final formed IMC between Cu and 
SiO2. 
(3) The growth of the Cu-Al IMCs was characterised as a diffusion-controlled 
process until the Al pad was completed consumed. The amounts of activation 
energy calculated for the growth of CuAl2, Cu9Al4 and overall IMCs are 60.66 
kJ/mol, 75.61 kJ/mol and 65.83 kJ/mol, respectively. 
(4) The discontinuous alumina line remained during annealing and separated the 
layers of CuAl2 and Cu9Al4. After CuAl2 were transformed into Cu9Al4 with 
extended annealing, the remnant alumina line was situated along the interface 
between two layers of Cu9Al4. In addition, the alumina line gradually moved 
towards the copper ball during the interdiffusion reaction, indicating Cu is the 
dominant diffusant, i.e. the growth of Cu-Al IMCs is dependent on the diffusion 
of Cu through IMCs. 
(5) The growth of Cu-Al IMCs is much slower than that of Au-Al IMCs. An 
analysis also showed that Cu atoms have a greater atomic size misfit in the 
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aluminium lattice and a lower electronegativity compared to Au atoms, resulting 
in formation of Cu-Al IMCs being more difficult. 
(6) Unlike the drastic growth of voids in Au-Al bonds, only a few voids nucleated 
and grew along the alumina line in Cu-Al bonds after a long time of annealing at 
a high temperature (e.g. 250ºC for 25 h), and they were usually tens of 
nanometres in diameter only. 
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CHAPTER 9 
 
Conclusions and Future Work 
 
 
9.1 Main conclusions 
Through investigating the interfacial characteristics and its evolution in the bonding 
and subsequent thermal annealing, this thesis has addressed the fundamental aspects 
of the thermosonic ball bonding process. It has been found for the first time that the 
existence of a native oxide layer on original Al pads has a significant effect on the 
bonding, and the initial formation of IMCs during the bonding process must overcome 
this relatively inert thin film. It has been experimentally observed that the bonding 
strength was fundamentally determined by the degree of breakdown of the oxide films, 
through which the formation of IMCs can be initiated due to the direct contact of the 
metal surfaces to be bonded. The degree of breakdown of the oxide layer was strongly 
influenced by the bonding parameters such as ultrasonic power, temperature and force. 
The interfacial microstructural evolution during thermal annealing was also 
systematically investigated, which were associated with the diffusion of metals, phase 
transformation, characteristics of alumina films, void growth. Both gold and copper  
bonding on an Al pad were studied and compared in this work. The specific novelties 
and findings can include: 
1. A generic description on the mechanism of thermosonic ball bonding can be 
proposed as follows: The surface of an Al pad is invariably oxidized to form an 
amorphous layer of alumina (5-10 nm thick) as a barrier to metal interdiffusion, 
leading to inferior interconnects. Ultrasonic vibration under certain pressure 
and temperature can partially disrupt such native oxide layer, promoting a 
direct contact between bonding metals. Ultrasonic vibration can also result in 
an increase of the interfacial temperature, and produce numerous lattice defects 
such as grain boundaries and dislocations, which can reduce the activation 
energy of metal diffusions, thereby significantly increasing the metal diffusivity. 
Atomic interdiffusion proceeds more rapidly in the areas with a broken oxide 
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layer, promoting formation of IMCs and, consequently, improving the bonding 
strength. 
2. IMC nucleation and growth during wire bonding are directly affected by 
bonding parameters, such as ultrasonic power, bonding force, bonding duration 
and substrate temperature. Altering these parameters can make the alumina films 
to be fragmented pervasively, resulting in continuous IMCs to be formed at the 
interfaces which has improved bond strength. 
3. Larger Au-Al IMCs (~150-300 nm thick) are formed through the normal Au 
bonding process in comparison with Cu-Al IMCs in Cu bonding (~15-40 nm 
thick). Copper atoms have a greater atomic size misfit in the aluminium lattice 
and a lower electronegativity compared to gold atoms, resulting in a more 
difficult formation of Cu-Al IMCs. 
4 The dominant alloys formed during gold ball bonding are Au4Al and AuAl2, 
with remnant alumina encapsulated in these IMCs. The co-existence of Au4Al 
and AuAl2 is related to the native alumina overlayer that attenuates Au and Al 
interdiffusion, reducing the effective concentration of Au at the growth interface 
adjacent to Al, and that of Al at the interface near Au. In Cu-Al bonds, however, 
CuAl2 is found to be the only IMC phase formed during bonding. 
5 When the uniform aluminium oxide layer is broken up during bonding, it 
becomes a discontinuous remnant alumina line. In Au-Al bonds, it is located 
inside IMCs, separating the two IMCs layers of Au4Al and AuAl2. In Cu-Al 
bonds, however, the remnant alumina is usually around the IMC particles due to 
their much smaller size (15-40 nm thick). 
6. The remnant alumina forms weak regions for formation of voids. A few nano-
size voids are formed in the large remnant alumina debris in Au-Al bonds; but 
almost no voids can be detected in Cu-Al bonds resulted from the bonding. 
7. The IMCs during bonding is preferentially formed near the periphery and at the 
centre of the bonds, while fewer IMCs are found in the rest regions from the 
periphery to the centre. The growth of IMCs during annealing is strongly based 
on the initially formed IMC particles, while nucleation of IMCs during 
annealing is difficult. 
8. During annealing, growth kinetics of the Cu-Al IMCs obeys the parabolic 
growth law before the Al pad is completely consumed. The activation energies 
calculated for the growth of CuAl2, Cu9Al4 and their combination are 60.66 
Chapter 9 Conclusions and Future Work 
 170
kJ/mol, 75.61 kJ/mol, and 65.83 kJ/mol, respectively. In Au-Al bonds, IMC 
growth is also a diffusion-controlled process only at the very beginning of the 
annealing; the higher the annealing temperature, the shorter the duration of the 
diffusion-controlled process. This is associated with the very thin layer of the Al 
pad compared to the bulk gold ball, and a much faster reaction rate in the Au-Al 
system. A 3.02.0 −t  growth law can be used to describe the growth of Au-Al IMCs 
for the annealing temperature range of 175-250ºC after the Al pad is depleted. 
9. Different IMCs have appeared during annealing. In Au-Al bonds, Au8Al3 
emerges at the interface between Au4Al and AuAl2 at the early stage of 
annealing and gradually becomes the dominant phase. After Al is completely 
consumed, AuAl2 begins to be transformed into Au8Al3 and gradually 
disappearing. At the same time, Au8Al3 is converted into Au4Al due to its 
further reaction with Au, until Au4Al becomes the only final IMC between Au 
and SiO2. In Cu-Al bonds, Cu9Al4 is found between the initial CuAl2 IMC and 
the copper ball at the early stage of annealing. CuAl2 and Cu9Al4 grow 
simultaneously, with CuAl2 being the dominant IMC until the Al pad is depleted. 
After that, CuAl2 starts to be transformed into Cu9Al4 owing to sufficient supply 
of Cu, i.e. Cu9Al4 continues to grow by consuming CuAl2. Finally, Cu9Al4 
becomes the end product between Cu and SiO2. 
10. The remnant alumina line remains but migrates during annealing. In Au-Al 
bonds, it is found along the Au4Al / AuAl2 interface prior to annealing. They are 
then relocated to the Au8Al3 / Au4Al interface when Au8Al3 emerges at the early 
stage of annealing, and move towards the Au ball with the growth of Au8Al3. 
With extended annealing, the remnant alumina line remains inside the end IMC 
product Au4Al. In Cu-Al bonds, the remnant alumina line separates the layers of 
CuAl2 and Cu9Al4. When CuAl2 is transformed into Cu9Al4 after the Al pad is 
depleted, it is located along the interface between two layers of Cu9Al4. In 
addition, the alumina line gradually moves towards the copper ball during the 
interdiffusion reaction. 
11. The remnant alumina line can be considered as the interfacial marker. Its 
migration towards the metal ball indicates that there is a net Au (or Cu) atom 
diffusion into the Al pad, therefore, the growth of IMCs is dependent on 
diffusion of Cu (or Au) through the IMCs. 
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12. Formation of IMCs is accompanied by the nucleation and growth of voids. 
Voids in Au-Al bonds grow significantly during annealing possibly due to the 
oxidation of IMCs and volumetric shrinkage during the growth of Au8Al3 and 
Au4Al rather than due to the Kirkendall effect. Large cavities up to 10 µm in 
diameter are formed after prolonged annealing, also attributed to significant 
outward diffusion of Au reacting with Al beyond the perimeter of the bonds. In 
Cu-Al bonds, however, only a few voids nucleate and grow along the alumina 
line in Cu-Al bonds after a long duration of annealing at high temperatures (e.g. 
250ºC for 25 h), and they are usually only tens of nanometres in diameter. 
 
9.2 Recommendations to industry 
Copper wire bonding has been considered as an alternative to gold wire bonding in 
the industry due to its various advantages, as reviewed in Chapter 2. These advantages 
include: (1) cost reduction of up to 90%; (2) superior electrical and thermal 
conductivity; and (3) higher mechanical stability. In addition, the results from this 
work showed that IMCs grow much slower in Cu-Al bonds than those in Au-Al bonds, 
which means that Cu-Al bonds possess lower contact resistance and better reliability 
for long-time service in comparison to Au-Al bonds. Furthermore, it was found from 
this work that voids in Au-Al bonds grow much more dramatically than those in Cu-
Al bonds during annealing. Therefore, it is recommended that the electronic industry 
might switch from gold to copper wire bonding.  
 
9.3 Recommendations for future work 
The research work in this thesis has led to a number of recommendations for future 
study as follows: 
1. Experimental or numerical studies (e.g. finite element analysis) can be used to 
obtain the stress/strain distribution over the ball/pad interface during bonding. It 
is expected that regions of high stress will enhance local breaking of the alumina 
film. so allowing verification of the current conclusion that the preferential IMC 
formation during bonding is at the periphery and the centre of the bonds. 
2. The effective temperature at the interface due to bonding was estimated to be 
approximately 600°C in this study, however, using a thin-film thermocouple (20 
μm wide, 1 μm thick) [14], the highest measured interfacial temperature from 
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the literature was 320ºC as an average value. It is expected the temperatures at 
different locations within the contact area should vary. Measurement of 
interfacial temperature profile over the contact area during bonding requires 
unique sensors with a connected spot smaller than 1 μm, so development of such 
sensors would be desired for future study. 
3. Phase identification in this study was carried out using electron diffraction in 
this study. Micro-XRD is proven to a very useful tool to carry out further 
analysis of these IMCs and their orientations. Such Micro-XRD samples can be 
prepared by horizontally removing ball on the IMC layers by FIB. 
4. Mechanical and electrical tests can also be performed with the annealed samples 
in order to establish a relationship between interfacial evolutions and 
interconnect properties. Based on the obtained results, the failure mechanism 
can therefore be further explained. 
5. Other reliability tests, including the thermal cycling test (TCT), pressure cooker 
test (PCT) and highly accelerated temperature and humidity stress test (HAST) 
can be conducted to investigate and compare the reliability of copper and gold 
ball bonds. 
6. Almost all of the previous studies focused on the first bond, i.e. ball bond, while 
there were few work reported on the second bond, i.e. stitch ball, although it 
plays an equally important role in determining the reliability of the bonds. The 
stitch bond can be especially critical when using a copper wire, but currently 
there is lack of detailed knowledge on such bonds; therefore, an extensive 
investigation on such type of bonds in the near future will be very relevant. 
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